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1. Executive Summary 

This report descnbes a draft work plan to examine the environmental behavior of plutomum, amencium and 
urafllum present as a contaminant on the surface of construcbon concrete at the Rocky Flats Envlronmental 
Technology Site (RFETS) Followng decommissiolllng actiwbes at RFETS around 120,000 cubic yards of 
contaminated concrete rubble wll  reqwe disposal This work plan is designed to provide information to 
predict how concrete wl l  behave at WETS over a 1,000-year assessment penod The Rocky Flats Cleanup 
Agreement (RFCA) defines limits for radionuclide contamination that must be met by any future onsite 
Qsposal of concrete at WETS Two m cntena are defined by the RFCA 

0 Contamination of groundwater and sUTfZtCe water 

0 Contaminahon of subsurface and surface soils 

ThIs report provides a qualitative discussion of the llkely behawor of concrete compared to that of soils at 
WETS, which is relevant to the application of soil action levels to disposed concrete The report also 
discusses how plutomum, amencium and uramum concentrations in concrete can be defined whlch wl l  be 
protective of water quality standards defined m the RFCA Fmally, the report descnbes a program of 
expenmental and modeling work where by these problems can be answered in a more quantitative manner 

The basis of th~s work plan was a comprehensive review of the open literature on processes relevant to 
concrete degradation and plutomum, amencium and urmum leachmg from cementitious matenals under the 
geochemcal conditions at RFETS The majonty of the open literature in h s  field is focused on the mobility 
of radionuclides in cementitious wasteforms and repository backfill matenals Very limted dormation 
regardmg actinide leachmg from cement was found, as a consequence of its very low mobility and the need for 
long time scale expenments Much of the information regarding radionuclide leachmg and diffusion is not 
directly relevant to concrete at WETS because contammation here is largely surficial and not lmted  by 
diffusion through a cement matnx Because of the surficial nature of the contammabon the rewew concluded 
that release of plutomum, amencium and urafllum from concrete might be considered to be controlled by the 
solubility of the contaminant on the surface and by processes of sorption on to the degraded concrete surface 
The predominance of one mechamsm over the other is an mportant factor m determmmg the long term 
leaching behavior, and is dependent on the concentration of contimunabon on the concrete surface Much of 
the proposed expenmental work descnbed in h s  document is concerned wth  investigating this issue 

The literature review showed that a reasonable predction of the degradabon of concrete at WETS could be 
made, and that the main degradation mechatusm would be by carbonahon, the reaction wth carbon dioxide in 
soil gases The chemical conditions resulting from surface carbonation of concrete w11 not be typical of the 
high pH low pe (Eh) conditions deliberately engineered in radioactive waste repository designs It is 
emphasized that because of these differences in chemistry, and the surficial nature of contamination, that 
plutomum, amencium and uranium are likely to be more mobile in WETS concrete than in most waste 
repositories 

Compmson of the properties of RFETS soils and degraded concrete suggest that actinide contamination on 
concrete will behave similarly to that present in soils In particular, reported plutonium, amencium and 
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m u m  distnbuhon coefficients between the aqueous and solid phases are generally smlar  for WETS soils 
and concrete Contammahon on concrete is however less llkely to be transported by processes of wmd erosion 
because carbonahon is reported to produce a durable surface Actuudes could be mcorporated in alteration 
products of concrete, which would result m reducmg thelr mobility, however such processes remam to be 
meshgated 

From the literature review, and considemg the exposure routes used in determinmg the RFCA soil action 
levels, a compmson of the llkely behavior of concrete and soil over 1000 years has been made From 
consideration of the structural integnty and likely degradation mechamsms influencing long term behavior, it 
is apparent that contammation on concrete w11 produce a lower nsk than the equivalent concentration on soil 
In the worst case, where concrete is totally dsaggregated, behawor would be identical to soil The major 
exception and area of uncertamty is knowledge of the chermcal form of plutomum in concrete dmng the 1,000 
year assessment penod, and the work plan is designed to reduce thrs uncertrunty 

The defimhon of concentrahons of plutomum, amencium and m u m  present in concrete that is protectwe of 
water quality standards has been evaluated by considenng the solubility of possible contarmnant matenal 
under WETS groundwater conditions These calculations have shown that m order to comply wlth WCA 
achon levels these contammants must be present at concentrations several orders of magrutude below their 
solubility limit Below the solubility limit the concentration of plutomum, amencium and m u m  m 
groundwater is controlled by their sorphve properties There is however insufficient knowledge of the 
sorption behavior and distnbution coefficients of these actimdes onto the surface of degraded concrete for a 
more quantitative assessment to be made at thrs stage 

An expenmental program has been designed to gather information to fill gaps in the literature, and to collect 
data drectly relevant to the leaching of plutomum, amencium and m u m  contarmnahon from the surface of 
concrete Two types of leachmg expenments have been dewsed 

1 Leaclung of a range of concentrahons of surface contammation from three types of weathered concrete 
under conditions of WETS groundwater, to provide leach rate and solubility limits of plutomum, 
amencium and urmum contaminahon 

2 Enhanced leaclung of a range of concentrahons of surface contammated concrete under varying pH 
conditions, to obtam a phenomenological understanding of leaclung and sorption controls as a basis for 
predicting the behavior at WETS over likely condihons during the 1,000 year nsk assessment penod 

At this stage it is not known what samples, if any, of WETS contaminated concrete may be available for 
expenmental study, or their ranges in activity If samples are available, leaclung experiments under WETS 
conditions should be carried out In addition some preliminary surface charactenzation should be carried out 
using electron microscopy techniques, this should provide information relevant to the compmson to the 
behavior of soils, and the conceptual understanding of the solubility controls of the contaminants As WETS 
samples may be limited, artificially contaminated unweathered and weathered concrete should by used in 
leaching studies In addition, it is proposed to perform accelerated weathenng (carbonation) of an artificially 
contaminated concrete to examine the possibility of M e r  immobilization of actinides by incorporation into 
the altered concrete The behavior of the actinides during such accelerated weathenng is relevant to the 
application of WCA action levels for both soils and for groundwater 
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The results of the proposed leachmg experunents wl l  be used to prowde a quanbtative assessment of the 
concentration of plutomum, amencium and uraruum m concrete that are protechve of water quality Such 
calculations should include hydrological mformation together wth  prelimnary detads of the radionuclide 
mventory and the disposal design It is proposed that these calculahons, coupling the effects of donucl ide  
leachmg and transport are awned out uslng a computahonal model From thls model, it wl l  be possible to 
estimate the amount of concrete that could be disposed wthout exceedmg water quality limits Clearly 
geochemical considerabons are not the only constrzunt in controlling water quality and a quantitative 
assessment must also consider hydrological and design features over the assessment penod 

An estimate of the overall performance budget for this work plan and a schedule of the expenmental and 
modeling tasks are provided 

2. Introduction 

Thts report provides a draft work plan descnbmg a scope of work to test the short term and long term 
environmental effects of plutomum, amencium and uran~um contaminated concrete at the Rocky Flats 
Environmental Technology Site (RFETS) The background to thls work is that, followmg decommissionmg 
achvities at WETS, it is anticipated that 120,000 cubic yards of concrete rubble contammated wth  plutomum, 
amencium and urmum wll  require disposal (RMRS, 1998) Regulatory limits for clean up of WETS have 
been defined in the Rocky Flats Cleanup Agreement (RFCA) (DOE, 1996a) Standards are defined in the 
RFCA based on contamination of soil and on water quality and must be demonstrated for a penod of 1,000 
Y e a  
The work plan descnbed in thls report uses current information avalable in the literature to qualitatively 
assess the physical and chemical propedes of plutomum, amencium and urmum when bound in concrete and 
to answer the questions “Does concrete behave like soils at WETS over the 1,000 year assessment penod7 If 
not, how is concrete different fiom S O I ~ S ~ ”  In addition the fate and transport properties of plutomum, 
amencium and uranium wll  be qualitatively exammed to answer the question “ What concentrahon of 
plutonium, amencium and urafllum may be bound in concrete lefi at WETS after decomrmssiomng that wl l  
be protective of water quality standards?” 

Followng a literature review the work plan is developed to fill gaps in the literature and to test data in the 
literature so that a more quantitative answer can be given to the above questions 

2.1 Basis of Work Plan 

A literature review has been undertaken examimng two man aspects relevant to the envlronmental behavior of 
plutonium, americium and urmum contaminated concrete 

1 A review of likely chemical, physical and biological processes that wl l  cause detenoration of concrete 
rubble, under groundwater and climahc conditions prevading at WETS 

2 A review of plutonium, amencium and uranium leach rate data fiom cement and concrete This included 
consideration of plutonium, amencium and uranium solubility and sorption behavior under chemical 
conditions of concrete degradation at WETS 
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The degradabon of cement and concrete is unportant to the m e c h c a l  erosion and subsequent removal of 
surfice radionuclide contammabon and also to the chemcal evolubon of the surface layer The latter wl l  
influence both the solubility of plutomum, amencium and urmum parkdates in contact wth groundwater 
and the sorptive properties of the dissolved donuclides A summary of the literature review is provided in 

Section 3, and the rewew is mcluded in Appenhx A 
Development of the work plan and a prelmnary qualitative assessment of the limits of contaminant 
concentrahon in concrete require that a certam level of understanding and knowledge of the hsposibon of 
contarmnated concrete at WETS is avalable WETS site data and issues whlch are currently unavadable to 
th~s review are 

1 Ranges of radioactivity levels of contarmnated concrete that may potenhally be considered for disposal 
by bmal at WETS 

2 Avzulability of samples of WETS contammated concrete for leachmg and charactemation experments 

3 Preliminary structural designs of any proposed concrete bmal sites and remamng foundations 

4 Hydrogeological behavior of such a site 

Thls information would be required if the work plan descnbed in this report were to be carrred out to provide a 
quantitative assessment of the behavior of contaminated concrete at WETS 

2.2 Summary of Requirements of Rocky Flats Cleanup Agreement 

The Rocky Flats Cleanup Agreement (RFCA) (DOE, 1996a) defines action levels and standards framework 
(ALF) for surface water, ground water and soil Action levels are defined at two levels 

Tier I action levels are numenc values whch when exceeded tngger evaluabon, remedial achon, andor 
management action 

Tier I1 action levels are numenc values whlch when met do not require remedial action andor institutional 
controls 

2.2.1 Soil Acbon Levels 

i 

For surface and subsurface soils, radionuclide achon levels are defined by a 1 Smredyr dose for unrestricted 
land use and an 85mredyr dose for restncted land use These dose llmits were converted to isotope activity 
levels (pCi/g) usmg the RESRAD computer code, considenng two exposure scenmos, open space exposure in 
the buffer zone, and office worker exposure in the industnal area The RFCA recommends that the Tier I 
action level for surficial solid in the buffer zone is that of the 85mredyr level for residential exposure, and 
that for surficial soils in the industnal area the Tier I action level is that of office worker exposure at the 15 
mredyr level The RFCA working group further recommend that the Tier I1 action level for the whole site is 
the 1 Smredyr level for residential exposure The current recommendation of the RFCA (DOE, 1996b) for 
subsurface soils is that the Tier I and Tier I1 action levels for surface soil are conservatively applied Table 1 
provides a summary of the activity limits for soils defined by the RFCA (Source, Table ES-1 DOE, 1996b) 
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Radionuclide 

Am 241 

Pu 239/340 

U 234 

U 235 

U 238 

Tier I Action Level 

Bucffeer Zone @Cd' Industrial Area @Cd, Whole W E T S  @Cd@ 

215 209 38 

1429 1088 252 

1738 1627 307 

135 113 24 

586 506 103 

Tier I Action Level Tier 11 Action Level 

Table I Tier I and 11 soils achon levels for RFETS 

2.2.2 Surface Water and Ground Water Action Levels 

Achon levels for ground water and surface water are defined wth reference to maxlmum concentration limts 
(MCLs) MCLs are nsk based (10" increased nsk to human health from exposure and consumption) The 
surface water quality standards and action levels are (DOE, 1996a, Appendix 5 Table 1) . Pu 0 15pCi /L 

.Am 0 15pCi /L 

.U 10 opcl/L 

For groundwater, a Tier I action level is defined as 100 x MCLs whch is designed to idenhfy hgh  
concentration ground water sources that should be addressed through an accelerated action Tier I1 action 
levels consist of the MCLs, whch are designed to prevent surface water from exceeding surface water 
standards by tnggemg ground water management actions The groundwater action levels are given in Table 2 
sourced from Table 2 of appendix 5 DOE (1 996a) 

Radionuclide 

Am 241 

Pu 239 

Pu 240 

U 233+daughters 

U 234 

U 235 +daughters 

U 238 +daughters 

Tier I, IO0 x MCLs @CdL) 

14 5 0 145 

15 1 0 151 

15 1 0 151 

298 2 98 

107 1 07 

101 101 

76 8 0 768 

Tier 11 MCLs (PCdL) 

~ ~ ~~ ~ 

Table 2 Tier I and 11 groundwater action levels for RFETS 
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2.2.3 Applicabon of Action Levels to Proposed Disposal of Concrete at WETS 

The RFCA does not specifically consider the disposal of contammated concrete at WETS However it has 
been proposed (RMRS, 1998) that one possible standard for use wth concrete is the Tier I soil acbon level 
defined in the RFCA The Bmlding Closure Radiation Standards Workgroup (BCRSW) has determined that 
the 15/85 mredyr methodology may be met if the volume contarmnahon in bulding concrete does not exceed 
the Tier I soil action level (Table 1) An objective of tlus draft work plan report is to evaluate the assumption 
used in the BCRSW determination that concrete behaves like soil, and to propose a work plan to provide 
M e r  information if requred 

Another standard that must be considered is that radionuclides leached from disposed concrete must be 
protective of surface water quality standards, and the Tier I1 achon levels for groundwater (Table 2) Th~s 
study makes a prelimnary qualitative assessment of how contarmnant levels in concrete can be related to these 
water quality standards and action levels to define a limit for the concentration of plutomum, amencium and 
m u m  that may be bound in concrete at WETS A work plan is designed so that these Innits may be more 
quantitatively examined 
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3. Literature Review of behavior of contaminated concrete 
Appendur A of thls report contam a comprehensive literature review of the behavior of plutomum, amencium 
and urmum in cemenbbous environments, wth  particular reference to the surface contammation to be found 
at the WETS The purpose of this review was twofold 

1 To formulate a qualitative interpretation of the behavior of butred contaminated cement 

2 To identi@ gaps in datahowledge, which in turn wll  dnve the design of a work plan, to more fblly 
understand contaminant behavior at WETS 

The literature survey covered all aspects of cement and concrete behavior under enwonmental con&tions, 
mcludmg physical and chemcal degradabon processes, microbially induced degradabon, leachmg behawor of 
actirudes and general behavior of actmdes ~fl cementrtious enwonment (such as solubility and sorptron) The 
vast majonty of the literature on thls subject is concerned wth  encapsulatzon of rahoacbve waste products for 
disposal in a repository s c e m o  However, it is possible to ublize the understandmg of the physico-chemical 
basis of contaminant-concrete mteractions from these encapsulation studies to bwld a qualitabve picture of the 
likely behavior of the surface contaminants at WETS 

3.1 Summary of Review 

The proposed use of cementitious waste forms as part of the multi-bamer approach to radioactive waste 
disposal means that there is a large body of work concerned with the long term behavior of cements and 
concrete under envlronmental condibons From this informatton, in conjunctton wth  the WETS Sitewde 
Geoscience Charactenzation study, it has been possible to qualitatively predict the degradabon of buned 
concrete rubble at WETS, and to pinpoint the chemcal controls on the leachng behawor of plutonium, 
amencium and urafllum 

The hydrabon of cement mxtures leads to the formabon of a number of chemical phases, of whch the most 
important are calcium hydroxide and calcium silicate hydrate (CSH) Leachng of these two phases results in 
hgh  alkalirutyhgh pH porewater solutions, the extent of whch depends on the mbal composition of the 
cement, extent of degradation and the composition of the lngressing water These reacbons form the basis of 
the use of cementitious wasteforms in repository design 

The permeability of concrete is low compared to soil matenal, and so flow through concrete blocks buned 
wth soil w11 be small, wth the predominant flow being concentrated around the outside of the blocks 
Actinide contamination of buildings concrete is predominantly on the surface, or wthin the first few 
millimeters of the surface Release of contammation wdl not therefore be retarded by the slow hffision of 
actmdes through the cement matnx, which is a feature of the use of cement based matenals in encapsulabon 
of radioactive waste As the contamination at WETS is present in the first few mllimeters of concrete, the 
mobility of the radionuclide contamination, and subsequent leaching behavior, w11 be controlled by the 
degradation of the concrete surface A number of mechanisms can impact on the degradation of cements, with 
the extent of each degradation mechanism being dependent on the local geochemical conditions Thus, these 
mechanisms have been examined with reference to WETS contamination 
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The background groundwaters at WETS, m t a d y  m the upper hydrostrabgraphc umt are charactenzed as 
calcium bicarbonate waters As the thtckness of thts umt is between 10 and 130 ft , it is ldcely that any burred 
concrete rubble wl l  be m contact wth  thts water Thus, the mam process of degradabon is likely to be 
carbonabon, the reacbon of carbon dioxide either m soil gases or dissolved m groundwater Carbonabon of 
the surface of the burred concrete may result in a more durable surface, more resistant to freeze-thaw and 
mechmcal erosion In addibon, permeability is also decreased The groundwater composibon does not point 
to chlonde, magnesium or sulfate attack bemg Important, apart from m the industnal area, where sulfate levels 
are m excess of lOOOmg/l However, the mam impact of sulfate attack, and also corrosion of steel rebar, is to 
induce cracks in concrete structures, thls can be important for encapsulated waste, where cracks can expose the 
waste to percolating groundwater As the contammabon at WETS is surficial m nature, sulfate attack, even if 
it occurs, is unlikely to lmpact on the leachng behavior of rdonuclides at WETS Microbially induced 
degradation of concrete, through the oxldation of sulfide mto sulfur~c acid by ThzobaczZZz species, has also 
been examined However, the presence of sulfides in the local alluvium and bedrock, and the lack of evidence 
for any sulfide oxidation, appears to confirm that microbial influence on concrete degradation wl l  be lmted, 
unless some other form of reduced substrate, such as orgamc carbon is disposed wth  the burred concrete 

In terms of radionuclide behavior at the surface of the concrete, the man effect of carbonation is to lower the 
local flmd pH, from around 12 (for a fresh cement) to approxunately 8 Redox conditions wl l  be unaffected 
by carbonation, and so local redox conditions are most likely d e t e m e d  by that of the background 
geochemistry Thus, it must be emphasized that the llkely conditions to be found on the surface of burred 
concrete at WETS w11 be sigmficantly drfferent from the extreme hgh pH, low pH condibons deliberately 
engineered m radioactive waste repository designs Thls means that plutomum, urmum and amencium wlll 
likely be more mobile in WETS concrete than in such repositones 

Expenmental studies of the leachmg behavior of plutoruum, urtllllum and amencium from cementitious 
matenals are very limited, due to the low mobility of actimdes under these cementibous repository conditions, 
and the consequent need for long term expenments The vast majonty of these studies are concerned wth 
leachmg from cement encapsulated waste, where diffusion controls can be lmportant However, for WETS 
contaminated concrete, the contammation is close to the surface, and so diffusive control is unldcely to be 
lmportant Instead, leachng from the surface is considered to be controlled by processes of sorpbon onto the 
degraded cement surface, and where concentrabons are sufficiently hgh, by solubility control from a solid 
contammant, such as PuO, Given thls, a review of actmide solubility and sorption under cementibous 
conditions has been undertaken A large body of literature exists concermng these behaviors, although the 
majonty is concerned wth higher pH’s than relevant here However, a good understanding of the controls on 
solubility and sorption is possible Actinide distnbution coefficients (% or I(d, representing the ratio of sorbed 
to aqueous concentrations, see List of Acronyms, Abbreviations and Symbols) are generally hgh for sorption 
onto cements, although these mamly relate to high pH, non-carbonated cement substrates Actimde sorption is 
generally less strong at lower pH, but the uptake of contaminants onto carbonated cements is more uncertam 
In particular, the formation of co-precipitates wth calcium carbonate would result in contaminants being less 
accessible to the groundwater However, the probability of this occumng is unclear at the moment 
Expenmental studies indicate that the solubility of actinides is crucially dependent on the pH, the presence of 
carbonate and the nature of the solid phase 
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In summary, as a result of the literature survey, a reasonable understandmg of the degradahon of concrete at 
WETS is possible However, the mobility of plutomum, uran~um and amencium under the chemical 
conditions established m the degraded concrete is more uncertam It is clear that it is not possible to extract 
leachmg data directly fiom cementihous waste form expements, due to the difference in relevant 
geochemistry and nature of the contamination 

The following conclusions can be made 

1 Carbonation of the concrete surface w11 be the dominant degradation m e c h s m ,  

2 The surface of the concrete at WETS wll exhibit lower pH's than would be expected m an engineered 
repository, 

3 There are no leach data from the literature that can be directly applied to WETS contaminahon, 

4 Mobility of actmdes at WETS w11 be hgher than would be expenenced m an encapsulated cement 
wasteform, 

5 Mobility of actimdes at WETS wll be determined by sorphon and solubility considerahons, 
depending on concentration, 

6 There is uncertamty of both solubility and sorption mechmsms likely to be predominant for surface 
contaminated concrete 

3.2 Gaps in the Literature 

As has been alluded to above, the literature review has not been able to find any leach data that can be dlrectly 
related to WETS contarmnated concrete There is a general lack of achmde data for leachmg fiom concrete, 
and the few avadable studies are centered on encapsulated waste It is clear that h s  does not descnbe WETS 
contamination very well 

The open literature does not contam information concemng the form of urmum, plutonium and amencium 
on the surface, and near to the surface, of contaminated construchon concrete This is an mportant 
considerahon for understanding the leachmg behavior at WETS, as the form of the contarmnation w11, to a 
large extent, determine the mechamsm responsible for actimde release from the concrete stuface 

Most, if not all, the literature studies on achmde mobility in cementihous envuonments have focused on 
d i h i o n  through a cement matnx Allied to these studies, work detading solubilities and sorption have been 
used to determine the rate of release from encapsulated cement wasteforms Thus, explicit expenmental 
studies of the leaching behavior of actinides from the surface of concrete, particularly carbonated cements, are 
non-existent 

It is possible that some of the open literature data and information can be used to paint a qualitative picture of 
leaching behavior If desired, a more quantitative idea can be obtamed, using, for example, denved solubility 
limits or &'s from the literature An example of this is described later, where the results of geochemical 
modeling have been used to denve leached concentrations as the result of dissolution of actinide mineral 
phases under cementitious conditions However, this approach is fiaught with difficulty, and currently the 
uncertainties are enormous For example, the form of the mineral phase is crucial, if solubility is the 
determining factor for leaching behavior Therefore, although the behavior of actinides under various 
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condibons can be understood fkom informatton denved from the literature, a major uncertamty exlsts m 
relatmg this to WETS 

In summary, the followmg lists the quesbons that need to be answered if the leachmg behavior of 
contarmnated concrete is to be understood 

What is the form of contammation on surface, e g 

1) adsorbed 

ii) 

iii) 

What is the mechasm detemmng actimde leachmg? 

1) solubility or 

ii) desorpbon 

How does leachmg behawor change as a result of vanabons in WETS site condibons, in 
particular , 

1) 

ii) 

in) 

discrete contarmnant particles, such as PuO, or 

incorporated in the cement mineral phases? 

what is the effect of carbonation? 

what is the effect of contamination concentration on the surface7 

what is the effect of vanations in site geochemistry, such as pH7 

None of the above can be answered wth reference to the open literature, and so this Task Plan is focused on 
these questions If answered, it wll be possible to deterrmne the concentrabon of plutomum, amencium and 
plutomum that can be disposed at WETS bound to concrete whde being protecbve of water quality standards 
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4. Qualitative assessment of behavior of concrete contamination 

4.7 Comparison to behavior in soil 

It has been discussed previously (see section 2 2 3) how Tier I soil action levels could be used to define 
volume concentration limits of actimde contammation in concrete In order to assess the applicability of the 
Tier I soil action levels to radionuclides present in concrete at WETS the followng questions have been 
posed 

“Does concrete behave like soils at WETS over the 1000 year assessment penodv” 

“If not, how is concrete hfferent from S O ~ S ~ ”  

In order to answer these quesbons it is necessary to bnefly review the properties of WETS soils wth  regard to 
their sorptive propemes for the actmdes and for possible transport processes operating m soils These can 
then be compared to comparable properties of concrete 

4.1.1 General properties of WETS soils 

The surface sediments at WETS are Pleistocene to Holocene alluvial deposits The alluvial deposits are 
poorly sorted and contam vmous lithologies rangmg from silty clay to silty sand with pebbles and cobbles 
(EG&G, 1995a) The majonty of ths alluvium is likely to be sourced from the underlymg Cretaceous 
claystone, siltsone and sandstones, whch have been descnbed in detad in the Geological Charactenzation 
Report (EG&G, 1995b) The Cretaceous formations are composed manly of quartz wth lesser amounts of 
potassium feldspar, plagioclase, mica/illite and kaolimte The clay-size fraction, whch consbtutes 2 to 7 
percent of the total, is manly composed of illitehmectite and kaolmte wth  minor illite, chlonte and gibbsite 
The illite/smectite is smectite-nch contmmng 10 to 15 % illite Weathered samples of bedrock contam 
secondary iron-oxidedhydroxides The presence of smectitic clay m e r a l s  and Iron-oxldedhydroxides in the 
bedrock source would suggest that the WETS soils would have generally good sorptive properties 

A charactemation study of Pu contammated soils at WETS (Honeyman and Santsch, 1997) calculated 
distnbution coefficients (Kd’s) in the range lx104 Lkg to 1 2x10’ Lkg Somewhat lower Kd’s are recorded 
elsewhere for data used in a nsk assessment exercise (RMRS, 1996) WETS Site data Kd’s for Pu are 100 
Lkg for the vadose zone and 20 Lkg for the saturated zone, and are at the low end of the range reported in the 
same study for soil “literature values” Amencium has comparable K,,’s to Pu in ths database (RMRS, 1996), 
while uranium has values of 17 and 2 Lkg for the vadose and saturated zones respectively Honeyman and 
Santschi (1 997) determined Kd values for uranium to be in the range 30 to 180 L k g  for solar pond core 
isolates under oxidizing conditions 

Reports of the nature of Pu in contaminated soils indicates that it is present in the form of very fine grained 
particulate oxide ranging in size from a mean size of 0 08p.m in the eastern buffer zone to a mean of 0 3p.m in 
the 903 Pad contamination source area (DOE, 1996b) A study of the distribution of Pu in Rocky Flats soils 
(Little and Whicker, 1972) concludes that the main mechanism of environmental dispersion is by wind 
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transport of plutomum oxlde agglomerated wth  soil parhcles Honeyman and Santschr (1 997) smlarly 
concluded on the basis of the very hgh  PU distnbubon coefficients measured that transport of plutomum under 
oxldlzmg condlbons would be pnmatlly through mechmcal erosion, but that UWI) may be subject to 
groundwater transport 

4.1.2 Comparison to likely behavior of concrete 

A review of the ldcely degradation behavior of disposed bmldmgs concrete at WETS is provided in Appendix 
A and is summatlzed in section 3, the follourlng discussion draws from thls review The degraded concrete is 
ldcely to be composed of calcite together wth poorly crystallme silica resulting from the carbonation of the 
surface of concrete blocks The degraded concrete surface, where the plutomum, amencium and uranium 
contammation m a d y  resides wll  therefore have a qute lfferent mineralogy to the WETS soils descnbed 
above, and may therefore exhlbit different sorptive properties A review of the dishbution coefficients of 
plutomum, amencium and uramum onto cementitious matenals is provided in Appenh A, Table 2, &'s 
listed here are typically in the range 1,000 to 20,000 Lkg and thus comparable to some of the hgh lstnbution 
rabos reported for WETS soils The values listed in Appenlx A, Table 2 are, however, for undegraded 
cement matnces composed of CSH mnerals, whch can have a large surface area For degraded concrete 
distnbution coefficients for calcite may be more appropnate, and these are lower, U 20Lkg, Pu, Am 400- 
5,000 Lkg (Appendix A) Overall it appears that the surfaces of degraded concrete rubble would have similar 
distnbution ratios to WETS soils 

Actimde contamination of buldmgs concrete is predominantly on the surface, or w h  the first few 
mllimeters of the surface Release of contammation wll  not therefore be retarded by the slow diffusion of 
actimdes through the cement matnx, whch is a feature of the use of cement based matenals in encapsulabon 
of radioactive waste In thls regard surface contammated concrete rubble must be considered comparable to 
contaminated soil, where parhculate matenal is present on soil parhcle surfaces Carbonation of the surface 
layers of concrete rubble is likely to produce a more durable matenal wth  reduced porosity whrch is more 
resistant to mechanical erosion and degradabon by processes such as freeze-thaw Where carbonabon occurs, 
subsequent to the contammation particulates could be more firmly entrapped m a calcite matnx, although h s  
remans to be demonstrated Contamination on the surface of concrete is therefore less likely to be subject to 
mechmcal erosion and dispersion by wind and fluwal transport processes than equlvalent contamination of 
WETS soils 

The nature of plutomum, amencium and uranium contammation on the surface of WETS concrete is 
unknown Contamrnation resulbng from plutomum combustion may imtially have been in the form of 
plutomum oxlde particulates, however such materral could conceivably react wth the cement matnx minerals 
of the concrete and be present as a trace component in calcite formed as an alteration product Research in this 
area is somewhat ambiguous (Appendix A) Other possible actinide alteration products include silicate phases 
such as uranophane (Appendix A) Contamination from mtrate solution may also produce more complex 
phases by reaction wth cement minerals and calcite Because cement minerals in disposed concrete wl l  be 
actively reacting wth groundwater then it is more likely that actimdes are chemically incorporated into the 
stable cement alteration products Soil mnerals however wl l  be less reactive and therefore less likely to 
incorporate actinide contamination 
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Transport of radionuclides m groundwater can be enhanced by sorphon onto colloidal matenal, and 
subsequent mgration of the colloidal particles in groundwater (Appendix A) The colloid enhanced 
radionuclide transport can be sipficant if it can be shown that 

0 Colloids are present in significant quantities, 

0 The colloids are able to sorb radionuclides, 

0 The colloids are stable in solution, and 

0 Sorption is irreversible 

This level of detail is not currently aviulable for possible colloid generation at WETS However, if a worse 
case scenano is assumed, whereby colloids are present in sufficient quantities and are stable m the local 
groundwater, the ability of colloids to sigmficantly increase radionuclide mobility depends on the ability of the 
colloid to out-compete the much larger surface area of static substrate surfaces for sorpuon of the radionuclide 
(Bradbury and Sarott, 1994, Appendix A) The most likely colloidal matenals generated from degraded 
concrete are mobile silica phases resultmg from leachng of the cement matnx, and corrosion products of steel 
rebars For these colloids to be effective then they must be able to sorb sipficantly more radionuclides than 
the WETS soils, and any natural colloids that could be present in WETS groundwater Since WETS soils 
appear to have similar distnbution coefficients to degraded concrete then colloids generated from disposed 
concrete are unlikely to sipficantly enhance radionuclide mobility m ground water Compared to other 
uncertiunties, such as radionuclide leach rate from WETS concrete, dewled examinahon of concrete denved 
colloids is not justified at th~s stage 

In summary, from aviulable literature information, the followng pre lmary  conclusions can be made 
regarding the comparative behavior of contaminated concrete and soils at WETS 

0 Although different retardahon processes are llkely to be operating, the hstnbuhon coeficients for 
actimde sorption onto degraded concrete and soils are comparable 

0 Degraded concrete is likely to be more durable and less prone to mechamcal erosion than soils Thls 
would be expected to reduce the dispersion of actinide contamination by wnd and fluvlal transport 
processes 

0 The exact nature of the actimde contamination on concrete is unknown, but it is possible that achmdes 
are incorporated into stable cement alteration products Such a process would reduce actinide mobility 
at WETS, however further research is requred to confirm the nature of contammation on concrete 

Generation of colloidal matenal from degraded concrete could possibly enhance ra&onuclide transport, 
but detaded study is not justified at this stage 

4.1.3 Application of Soil Action Levels to disposed concrete 
The definition of Soil Action levels in the RFCA and the proposal to apply these limits to the disposal of 
plutonium, amencium and uranium contaminated concrete at WETS has been summazed in section 2 2 To 
make a comparison of the behavior of concrete and soil at WETS relevant to the application of soil action 
levels to concrete it is necessary to compare how the nsk assessment exposure routes may be affected The 
exposure routes considered by the nsk calculations for soil were (DOE, 1996b) 
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1 Ingesbon 
2 Inhalabon 
3 External exposure 

Radiabon dose to an mdividual was calculated using appropnate Dose Conversion Factors (DCF) The DCF 
for each exposure route differs wth the chemical form of the radionuclide The chemical form for amencium, 
urafllum and all daughter products were chosen conservabvely so that the DCF would be maxlmzed for each 
exposure route (DOE, 1996b) The DCFs for plutomum were chosen based on the oxide form (DOE, 1996b) 
Thus, to answer the quesbon " Does concrete behave like soil at WETS over the 1,000 year assessment 
pen0d9 If not, how is concrete different from soils~" consideration must be given to the three exposure routes, 
and the chemical form of the plutomum contamination 

Firstly considenng the external exposure route, the contamination of both WETS concrete and of soil is 
considered to be on the surface, thus there is unldcely to be any effkcbve difference m the absorpbon of gamma 
radiabon by concrete or soil The dose received from the external exposure route should therefore be the same 
for concrete and soil 

The ingestion and inhalation exposure routes are both dependant on the physical and degradation behavior of 
concrete The literature review has provided an mportant understandmg of the likely degradabon behavior of 
concrete left at WETS over a 1,000 year penod and followng points are evident 

The man chemical degradation process affecting the concrete is carbonation, the literature review has 
shown that carbonated concrete and analogues remam durable for penods exceedmg 1,000 years The 
durability of carbonated concrete w11 reduce the ldcellhood of the production of fine-grruned matenal 
contsumng plutomum, amencium and urmum, whch w11 reduce the dose through the ingestion and 
inhalation pathways 
Review of long-term modeling of the integnty of large concrete structures used m repository designs, 
indicate that structures are llkely to remam mtact for penods around 1,000 years Disposed concrete 
rubble is therefore likely to remam durrng the 1,000-year nsk assessment penod at WETS and is 
unlikely to be disaggregated Agam thls wll  tend to reduce the dose through the mgesbon and 
inhalation pathways 
Freeze-thaw processes could lead to the spallation of the surface layer of concrete rubble, whch is the 
site of the plutomum, amencium and urmum contarmnaQon Such a process wl l  tend to enhance the 
physical degradation of fine-gramed matenal whch wl l  then be available to the ingestion and 
inhalation exposure routes The extent of freeze-thaw processes w11 depend on the exact disposition of 
the disposed concrete, and for instance wd1 be reduced by burral, or capping Evaluabon of the 
significance of freeze-thaw processes must take into account l sposa l  designs 

It can be concluded that because of its physical integnty concrete wl l  contnbute a lower amount of 
radionuclides to the inhalation and ingestion exposure routes than an equivalent loading of soil In the case of 
uranium and americium since conservative DCFs were chosen in the definition of soil action levels then 
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concrete will produce a lower nsk than soil In the worst case, of complete dmggregabon of concrete to soil 
gram size, the nsk from urafllum and amencium contarmnaaon on concrete wl l  be the same as that on soil 

For plutomum the DCF was based on the assumpbon that plutomum was present as the oxlde Current 
informahon avmlable in the literature is muffkient to conclude whether tlus assumphon is valid for 
plutomum contarmnated concrete at WETS It is possible that plutomum contaminabon present in concrete 
may behave differently than that present in soil and may be in a hfferent chemical form than the oxide It has 
beem discussed elsewhere in this work plan what other forms the plutomum may exist in the local chemical 
environment of the concrete If the chemical form of the plutomum had a hgher DCF than plutomum oxide 
used m determmng the soil action levels then the acbon level for plutomum would have to be lowered to 
comply wth the same nsk cntena To address tlus area of uncertamty the work plan has been developed to 
attempt to identifjr the chemcal form of the plutomum present on contarmnated WETS concrete, and to 
mveshgate the fate of tlus matenal dmng carbonation of the concrete 

One problem in compamg action levels of soil wth those appropnate for bmed concrete is that the action 
levels defined in the RFCA are defined in terms of activity per gram, whch can be related to an activity per 
volume of soil However, as the contamination of WETS concrete is surficial in nature, appropnate action 
levels should be expressed in terms of activity per u t  area Thls means that the inventory of disposed 
concrete needs to take mto account the likely geometry and size hstnbuhon 

In summary, from the literature review, and considenng the exposure routes used m determimng the RFCA 
soil action levels it is apparent that concrete wl l  likely behave better than soil in regard to soil action levels In 
the worst case, where concrete is totally disaggregated, behavior would be identical to soil The major 
exception and area of uncertamty is knowledge of the chemical form of plutomum in concrete dmng the 1,000 
year assessment penod, and the work plan is designed to reduce thls uncerhnty 

4.2 Behavior relative to water quality standards 
In the light of the findings of the literature review, it is possible to discuss, at least qualitatwely, the leachng 
behavior of WETS contarmnated concrete, and answer the question “What concentration of Pu, Am and U 
may be bound in concrete left at WETS after decommissiomng that w11 be protectwe of water quality” 

The leachmg mechmsm govemng release of actinides from a concrete surface can be crucially dependent on 
the concentration of contaminants on the surface Figure 1 provides an illustration of the relationships 
between radionuclide concentration on the concrete surface, and the concentration in groundwater, when either 
solubility controlled or sorption controlled 
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Solubility Limit 

r 
Concentratlon of radlonucllde on concrete surface (e 0 moleslm' or Cllm') 

Figure 1 Diagrammatic representation of controls of radionuclide concentration in groundwater by solubility 
and sorption control, and likely relation to Action Level 

When the groundwater radionuclide concentration is sorphon controlled the groundwater concentrahon can be 
d e t e m e d  by a distnbuhon coefficient (K,,, or RJ which is the ratio of the concentrahon of donucl ide  
sorbed to the equlibnum concentrahon in the solution In Figure 1, the I& is the reciprocal of the slope of the 
&agonal lmes Thus the concentration of radionuclide rn concrete that is protectwe of water quality standards 
can be estimated For soils, I& is usually expressed m units of mass of soil per volume of water, however for 
release from the surface of contarmnated concrete rubble it is perhaps more appropnate to express the 
distnbution coefficient in terms of the macroscopic surface area of concrete, and th~s can be directly 
determined from surface leaclung expenments 

The literature review considered sorption coefficients for uranium, plutonium and amencium onto cement 
phases, and concluded that lower sorption is ehbi ted by radionuclides onto carbonated concrete, than onto 
fresh concrete The R,,'s available in the literature are of similar magmtude to those used in Rocky Flats 
assessments, and so the distnbution of actinides could be expected to be similar Major uncertzunties exist, 
however, in assessing the partitiomng of radionuclides in concrete systems, particularly the form of the 
contamination (nature of the particulates) and the question of whether the contaminants wdl be incorporated 
into the cement matrix In addition, any discussion of K,,'s has to acknowledge the uncertainty associated with 
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colloid parhbonmg Plutomum readily forms aggregates of polymenc aqueous species (true colloids), as well 
as associabng wth morgaruc and orgaruc parhculatm (pseudocolloids) Thexefore it is especially important to 
address the question of colloid parhbonmg when determlrung sorpbon hstnbubon coefficients, parhcularly 
wth reference to phase separabon techmques A further discussion of the role of colloidal transport at WETS 
can be found m Secbons 5 8 and 7 2 of the literature rewew (Appenhx A) 

As shown m Figure 1, if the concentration of contarmnants is sufficiently hgh, the leachmg behavior wll be 
controlled by the dissolution of a solubility controllmg solid phase Therefore, usmg solubility data from the 
literature and geochemical modeling codes it is possible to predict the concentrations of Pu, Am and U 
resultmg from the lssolution of surface particulate contaminahon These concentrations, whch can be 
considered an upper Imt,  can then be compared to the RFCA Tier I action level for ground water 
contarmnabon, and the Tier I1 acbon level for protection of surface water quality 

Full detads of the geochemcal modelmg results are given m Appenhx B, and the man features are 
summmzed here Solubility limits were calculated for uraruum, plutomum and amencium, under two distinct 
conditions 

1 In equilibnum wth fresh cement (approxunated by Ca(OH),), 
2 In equilibnum wth carbonated cement (approximated by calcite) 

The literature review revealed that the solubility of radionuclides m cementitious environments is crucially 
dependent on the solubility Iimitmg solid phase Consequently, solubility calculations were undertaken 
considenng a number of likely phases 

Table 3 shows the results of the solubility calculations, as well as the acbwties associated wth these 
concentrations Isotopic compositions were taken from the Rocky Flats Cleanup Agreement @OE, 1996b), 
wth the exception of urmum, for whch no mformation has been made avadable Therefore, the urmum 
activities have been calculated for each of the three isotopes, U-234, U-235 and U-238 

The results show that the choice of solid phase is crucial If the results shown in Table 3 are compared to the 
groundwater action levels (see Table 2), it can be seen that only for PuO, (c) and CaUO, are the activihes 
below the action levels However, the PuO, (c) thermodynamic data used in these calculations corresponds to 
a very crystalline solid phase, with consequent low solubility The more amorphous form, Pu(OH),, is seven 
orders of magmtude more soluble - this is the phase that would be expected to precipitate out of aqueous 
solution Therefore, it is important to establish whether the contamination at WETS is in the form of 
crystalline PuO, particles, or a more amorphous phase A similar picture emerges for m u m ,  where the 
solubility of CaUO, is below the action levels, whle the solubility of CaU,O, is hgher The mineral phase 
CaU,O, has been identified as a solubility-limiting phase in cement leachates (Heath et al, 1997), whereas it is 
not clear whether CaUO4 forms under the same conditions Certrunly, the thermodynamic data used in these 
calculabons indicate that CaUO, is a crystalline solid phase Solubility expenments performed by Serne et al 
(1 996) indicate behavior that would be expected by CaUO, solubility control However, the expenmental 
concentrations were three orders of magmtude higher than those predicted by CaUO, solubility They 
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240,O 36% Pu-241 
93 8% Pu-239, 5 8% Pu- 
240,O 36% Pu-241 

0 07 

100% Am-241 47080 
100% U-238 96 
100% U-23 5 610 
100% U-234 1746 149 
100% U-238 

100% U-234 0 06 
100% U-238 1200367 
100% U-235 7 6 2 0 7 2 2 
100% U-234 2 2 x 1 o ’ O  

3 36 x 10“ 
100% U-235 2 13 x 10” 

rium with Ca(OH)2 

concluded that “a more soluble phase of CaUO, (such as CaUO, (am), if it exists) is most likely the solubihty- 
controlling solid” Therefore, there is much uncertmnty ~fl h s  area and it is impossible to conclude that 
m u m  concentrahons w11 be below the achon levels 

I 

I 

U 

U 

Table 

CaUO, 12 5 4 2  x 

UO,H,O 124 1 5 x  

I 

The results presented in Table 3 reveal that, even at the hrgh pH’s expected in a fiesh cement leachate, the 
solubility limits result in achvity levels that are too hlgh, wth respect to groundwater action levels, provided 
crystalline phases are not present The results of solubility calculahons in a calcite envlronment are also 
shown in Appendix B, and reveal that solubility is hrgher than indmted ~fl Table 3, even if the crystalline 
PuO, phase controls plutonium leaclung behawor 

The indicative calculations descnbed above show that the groundwater achon levels w l l  be exceeded if 
contamination is present above the solubility limits of each radionuclide (assummng that crystalline solids are 
not formed) The calculated solubility limits in Table 3 show huge vanation, as result of a lack of 
understanding of the nature of the solubility controlling phase Unless the solubility of representative 
plutonium, amencium and uranium contamination on WETS concrete is determined by leaching expenments, 
then the higher solubility limits in Table 3 must be used in any assessment exercise Below the solubility limit 
concentrations of radionuclides in groundwater w11 be controlled by sorption onto the surface of the concrete 
The concentration of radionuclides in groundwater resulting from concrete leachlng is not solely a matter of 
consideration of dishbution coefficients and solubility limits Hydrological information is also critical 
because the concentration in groundwater clearly depends on the volume into which a certain amount of 
radionuclide is dissolved Another consideration is the rate at which radionuclides are released from the 
concrete surface, particularly in fast flowng ground water Since genenc data is not applicable to WETS 
contaminated concrete, measurement of the rate at which radionuclides are leached from the surface of 
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concrete is essential A quantitative assessment of the behavior of contammated concrete at WETS m relation 
to water quality standards therefore r e q m s  considerahon of both geochemical and hydrological parameters 
An outline of the modelmg methodologies reqwed to perform such an assessment is descnbed later m th~s 
Work Plan 

In summary followng the review of the literature on radionuclide leachng and solubility and sorption in 
cementitious systems the followmg conclusions can be made 

1 To comply with RFCA action levels for groundwater and surface water plutoruum, americium and 
urmum present m concrete must be at present at levels several orders of magrutude below their 
solubility l m t  when dwolved m groundwater 

2 Current uncertamhes in the distnbubon coefficients of plutomum, amencium and urafllum on carbonated 
concrete prevent calculation of the concentration of rdonuclides m concrete that are protechve of water 
quality standards 

3 Quantitative assessment must combme data regarding radionuclide leach rate, solubility and sorption 
wth hydrological information 
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5. Identification and description of phase II work 

5.1 Overview of experimental work 

The followng section identifies and descnbes expenmental work that is reqwed to more quantifiably assess 
the behawor of contaminated concrete at WETS A fully quantitative understanding of the behavior of 
contaminated concrete is dependant on the avmlability of samples of actual plutomum, americium and 
urafllum contaminated WETS buildings concrete for leach testmg and other charactenzation work No 
dormahon has been avmlable to h s  rewew concemng the avmlability of such matenal, or the range of 
radioactivity in bmldmgs concrete that may be considered smtable for disposal by bmal at WETS Given 
these constrmnts, and anhcipatmg that the avmlability of contarmnated WETS buildmg concrete may be 
restrrcted, the work plan has been designed to either mclude or exclude WETS concrete samples Clearly, 
study of contarmnated WETS concrete samples is the preferred opbon m presentmg a more justifiable case for 
the defimtion of realistic plutomum, amencium and m u m  concentrahons in concrete that are protective of 
water quality It is however recowzed that study of such matenal may not be possible at h s  stage As an 
alternative it is proposed to investigate the leaclung charactenstics of artificially contammated concrete, at h s  
stage it is anticipated that these expenments wll  yield a conservative estunate of the limts of contaminant 
concentrations in concrete 

A summary of the expenmental tasks is shown in Figure 2 Tasks 2 ,5,6 and 7 are subject to contammated 
WETS concrete being avmlable If only a small number of samples is avmlable then pnonty should be given 
to task 6, whch is designed to give the most cntical information in regard to compmson unth W C A  action 
levels Expenments on artificially contaminated concrete (tasks 3,4,6 and 7) should be undertaken regardless 
of the availability of contarmnated WETS concrete 
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5.2 Sample preparation and selection criteria 

5.2.1 Task 1 and Task 2: Contaminated WETS concrete 

Samples of contarmnated WETS concrete wll  be reqmred to be selected for leachng expenments and surface 
charactenzation For the leachmg expenments (tasks 6 and 7) a range of surface concentrahons are reqmred 
such that when samples are leached in a given volume of groundwater sunulant, the amounts remsumg in 
solution range from concentrations at a predicted solubility limt, down to concentrahons below the RFCA 
action levels for groundwater, controlled by desorption The calculation of the concentration and actwity of 
radionuclide on the surface that is at the solubility limit is outlined m Appendix B At concentrahons below 
the solubility limit, the concentrahon of radionuclide is calculated vvlth an estmate of the sorphon dlstnbuhon 
coefficient Concrete samples thus r e q m  selechon based on an achvity measurement per umt surface area 
(e g Cdm*) Therefore, an important part of Task 2 is the development of a samplmg and d y s i s  plan If 
mformahon on WETS bmldmg contammation is not awlable, it is obvlous that a sufficiently detarled 
bmlding survey is required, followed by a sampling program, for this part of the work plan to be unplemented 
The feasibility and cost/time estunate of such a study is beyond the scope of thls review 

Samples for surface charactenzation (task 5) require relatively hgh levels of contaminahon and should be 
those identified as being solubility lmited m the selection of samples for leachng Ideally samples for task 5 
should be the same as those used in the leaching study 

5.2.2 Task 3: Preparation of artificial contaminated concrete 

Samples of arbficially contammated concrete should be prepared usmg samples of concrete whch are 
representative of the cement matnx and aggregate of contammated concrete at WETS Ideally, such matenal 
should be avsulable from uncontaminated concrete at WETS Two types of concrete surface should be 
utilized 

1 Weathered concrete, in whch the surface has been previously carbonated pnor to contammation Such a 
matenal is envisaged to be the surface of concrete exposed to the atmosphere for several years 

2 Unweathered concrete wth no carbonation, where the cement matnx is composed of CSH matenal 
This matenal could be the fresh surface of the same concrete as (l), but wth the carbonated surface 
mechmcally removed Fresh cured concrete should be avoided as thls is unlikely to be representative of 
the state of WETS concrete d w g  contamination, and will contarn excessive alkalis 

Preparation of artificial plutomum, amencium and uranium contamination on concrete resulting from Pu fires 
is unlikely to be practicable An alternative method is required as a necessary compromise if such WETS 
contaminated concrete is not avsulable for leaching studies Preparation of contamination resulting from liquid 
mtrate spillage and immersion is more feasible and the followng approach is recommended 

A solution contsumng dissolved plutomum, amencium and uranium as a mildly acidic nitrate solution should 
be pipetted onto the surface of the concrete specimen The solution should react wth the concrete surface 
where the acidity w11 be titrated by either calcite or CSH phases As a result of the pH change the 
radionuclides will precipitate on the surface Any residual radionuclide remamng in solution should be 
precipitated by drying the sample at 100 "C for several hours The volume of the pipetted solution should be 
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kept at a mmmum to avoid excessive uptake o f  liquid by the dry concrete, but should be sufficient so that the 
soluhon can be evenly dlstnbuted onto the concrete specmen The pH o f  the solubon should be sufficient to 
solubilize the actimdes, but should not contam excessive acid that carbonated surfaces are totally removed, or 
that subsequent carbonation is mhlbited 

The amounts o f  plutomum, amencium and urmum pipetted onto a given area of  concrete should be vaned so 
that in the leachng expenments the target concentration acheved ranges from that o f  the likely solubility limit 
to below the W C A  action levels for groundwater This is the same cntena as used if samples o f  WETS 
concrete are avadable for study (Section 5 2 1) 

5.2.3 Task 4: Accelerated carbonation of contaminated concrete 

Accelerated carbonation o f  artificially contammated concrete should be undertaken to examine how the 
mobility o f  plutomum, amencium and urafllum may vary as a result o f  carbonation, the most likely long-term 
degradahon process effectmg butled concrete at WETS It is possible that carbonahon reachons may 
mcorporate the actimde contammation in the resulting calcium carbonate matnx, whch may then mfluence its 
release from concrete Studies have previously been performed mvestigatmg the effect o f  carbonation on 
cement microstructure (Houst, 1997) and the release o f  rutrate and strontium (Walton et aZ, 1997) Both these 
studies demonstrate that enhanced carbonation o f  cementitious matenals is achevable under atmospheres at 
hgh humidity and CO, levels Walton et aZ(l997) found that 3 lcm diameter waste forms were fully 
carbonated after 26 days exposure to 50% CO, atmosphere at 7530% relahve humidity at a temperature o f  
5OoC Houst (1 997) states that the most favorable conditions for carbonahon are 80-90% CO, and 76% relative 
hurmdity Accelerated carbonation should be camed out on samples o f  unweathered concrete contamng fresh 
CSH and arhficially contaminated with actnudes The condltions recommended by Houst (1997) should be 
ublized for a penod o f  30 days, at ambient temperature Carbonation o f  the surface under these conditions 
should be checked on non-active samples using X-ray diffraction techruques 

5.2.4 Summary of concrete samples 

Depending on the avarlability o f  suitable samples of contammated WETS buildings concrete four concrete 
sample types may be prepared for leachmg and charactenzation study 

1 Real actimde contaminated concrete from WETS, for use m leachmg (task 6a), and surface 
charactenzation (task 5) 

2 Artificial Pu, Am and U contaminated concrete wth naturally weathered surface, for use m leachng 
studies if WETS concrete (1) is unavadable 

3 Artificial Pu, Am and U contaminated concrete wth fresh non-carbonated surface 

4 Artificial Pu, Am and U contaminated concrete wth actwely carbonated surface 

5.3 Characterization of surface contamination on RFETS concrete 

Review of the open literature and o f  avadable WETS site-specific information shows that there is a lack o f  
knowledge o f  the nature and form o f  plutomum, amencium and urmum contamination on the surface, and 
near surface of contaminated buildings concrete This lack o f  understanding leads to uncertsunty in applying 
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computabonal models to predict the concentrabon of plutomum, amencium and uramum that would be 
released on contact of the concrete wth groundwater Specifically, the idenbty of the plutomum, amencium 
and uramum solubility-controlling phase is not known The actual solubility l m t  of these phases should be 
obtamed from the proposed leachmg expenments descnbed above, however idenbficabon of the nature of the 
solubility controllmg phase would add considerably to the conceptual understandmg of the release of 
contamination This improved understandmg is requred to more hlly predict the release of plutomum, 
amencium and uraruum over a 1,000-year penod of time reqwed, and under diffenng hydrogeochemical 
disposal designs An understanding of the nature and form of actinide contammation on the surface of 
concrete is important to the discussion of whether contaminated concrete behaves like contaminated soils at 
RFETS discussed in section 4 1 

Because knowledge of the form of plutomum, amencium and urafllum contaminabon on concrete is so lmted  
it is proposed that a prelimary charactenzation is performed usmg electron mcroscopy techmques to image 
the surface of contammated concrete, and to perform an energy lspersive X-ray analysis (EDS) to idenbfl 
areas of hgh contaminabon Such analysis should be performed m a s c m n g  electron mcroscope (SEM), 
equpped wth an automated EDS analyzer to map X-ray mtensity attnbuted to Pu, Am and U By considenng 
the intensity of the acbnide X-ray intensity, and the presence of other cement matnx elements (Ca, Si, AI) and 
secondary and backscattered electron images, then conclusions could be drawn as to whether the actimde 
contamination is present as discrete PuO, grams, or as a trace component in a secondary cement phase If 
plutomum, amencium or urmum can be clearly idenbfied in the surface then further quanbtative EDS 
analysis could be camed out on polished specimens Results should then be interpreted together wth leach 
data to decide whether further charactemation is warranted 

It is recommended that a senes of 5 samples be exarmned wth  SEM techmques wth varymg levels of 
contamination Samples should concentrate on concrete contarmnated dumg Pu combwon Samples 
contaminated by Pu nitrate solubon are less likely to contam lscrete Pu particles Where possible some 
samples examined by SEM should be the same as those used in the leachlng study 

5.4 Leaching experiments on RFETS contaminated concrete 

Th~s section of the task plan descnbes the work necessary to determine leachmg behavior of actmdes bound to 
the surface of concrete The review of the avadable data, summanzed in Secbon 3, has indicated that it is not 
possible to extract data directly from genenc sources and apply them to the specific WETS contammabon 
scenano Therefore, a senes of expenments are requred to denve the relevant information 

The aim of these expenments is twofold Firstly, the absolute values for leached concentrations under known 
RFETS conditions must be determined It is anticipated that thls information would be used directly in any 
nsk assessment process undertaken at the Rocky Flats site Secondly, the mechasms goverrung leachmg 
behavior should be established This can be fed into conceptual and mathematical models, to allow a more 
thorough determination of the leachmg behavior of concrete bound actimdes This is important, as it allows 
extrapolation of leaching behavior to encompass all likely conditions that may be expenenced over the 1,000 
year time penod considered in the risk assessment process It would be impossible to encompass all possible 
conditions within an expenmental program, and so some kind of mecharustic or phenomenological 
understanding is essential 

‘ I  
I 
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5.4.1 Experimental Design 

It is important to remember that the contarmnabon bound to Rocky Flats bmldmg matenal is concentrated at 
or near to the surface of the concrete Therefore, expements have to be designed to explore th~s feature Thls 
means that a traditlonal leachmg experunent, whereby a contammated sample is placed m a solution phase, has 
to be modified slightly to account for the surface nature of the contamination It is proposed that the 
expenmental design is analogous to that employed m through-&hion expenments (see for example, 
Albinsson et al, 1993) However, in this case the contaminant wl l  be present on the solid phase rather than in 
the aqueous phase 

Details of the expenments to be camed out are descnbed in later sections However, there are a number of 
common features to the leachmg expenments and these need to be emphasized 

1 The volume of the aqueous phase must be sufficient to allow detection of rdonuchdes at possible low 
concentrabons (4 OOlBq/l or 0 03 pCdl) 

2 Radionuclides to be analyzed are plutomum, amencium and urmum Analysis techruque should be 
alpha spectrometry, followng chemical separation, or ICP-MS if activity levels are above 0 01 BqA 

3 Expenments to be carned under closed conditions, to mimmize contact wth  the a r  and evaporation 

4 Expenments camed out at constant temperature, wth constant agitahon 

5 Phase separation through ultracentrrfbgation followed by filtrabon using 30000 NMWCO (Nominal 
Molecular Weight cut-on) filters 

6 Concentration of dissolved radionuclide momtored as a funcbon of time 

(0 3pci/l) 

5.4.2 Task 6: Leaching of radionuclides under Rocky Flats groundwater conditions 

The determlnation of leachmg behavior of acbmde contammated concrete m contact wlth representatwe site 
groundwaters has to be the man emphasis of the woik plan Task 6 of the Work Plan consists of leachmg 
expenments required to denve leach rates for WETS contarmnated concrete The ams of th~s expenmental 
program are 

1 Determine leach behavior as a function of concrete type (fresh, weathered, carbonated), 

2 Determine leach behavior as a function of contaminant concentration, 

3 Determine leach behavior as a function of time 

The general protocols for performing the expenments are as descnbed above In addition, the pH should be 
measured at each sampling time The question of the composition of a typical Rocky Flats groundwater 
requires particular attention From geochemical charactenzation, the groundwater is descnbed as a calcium 
bicarbonate dominated solution, wth an associated carbon dioxide partial pressure considerably higher than 
atmosphenc levels Therefore, the composition of typical groundwater w11 have to modified slightly, to be 
consistent wth atmospheric partial pressures 
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5.4.2.1 Concrete Type 

The literature review presented 111 Appendm A has revealed that the nature of the concrete surface is lrkely to 
be an important factor m determmng the release of actmdes In particular, the queshon of carbonahon and 
extent of degradahon (age) is likely to be especially crucial The question of concrete type has been discussed 
111 Section 5 2, for the purpose of h s  section, it is assumed that three hfferent concrete types are avmlable 

5.4.2.2 Contaminant Concentration 

Secbon 3, and the results of the literature review, inlcate that the concentration of contammation on the 
surface of the concrete wll have a large influence on the leachmg mecharusm, and thus the concentrations 
leached to the groundwater Therefore, it is proposed that three different loadings of contammabon (for each 
concrete type) are exammed One of these should be above the concentrabon predicted to lead to solubility 
limited leachmg behavior, whde the other two should be below h s  value By thu means, the two mmn 
mechamsms of solubility and sorption controlled leaching can be examined, and related to the extent of 
contarmnation at WETS site 

5.4.2.3 Time 

The kmetics of leachmg from a concrete surface is 111 mportant consideration in assessing the mpact of bmed 
concrete in contact with flowng groundwater Therefore, the expements are to be designed such that 
samples are taken periodically It is proposed that the leachmg expenments should be completed by 10 weeks, 
urlth five samples taken dmng ths time However, the work schedule should allow enough flexibility to 
conhnue sampling for a time after the 10 week penod, if steady state behawor is not observed, and so a tune 
penod of 15 weeks should be allowed for h s  eventuality The zilm is to determine the tune reqwred for 
steady-state leachmg behavior, and also, if hnebcs is found to be unportant, to denve a rate expression 

5.4.2.4 Summary 

Figure 3 presents a summary of the proposed plan for Task 6 Three distinct expenmental tasks can be 
determined 

Task 6a - Leachmg expenments usmg real WETS contammated concrete, or artificial contammated concrete 
urlth naturally weathered surface Three surface contamination concentrations to be used, samples taken at 
penodic intervals 

Task 6b - Leaching expenments using artificially contaminated concrete wth fresh non-carbonated surface 
Three surface contamination concentrations to be used, samples taken at penodic time intervals 

Task 6c - Leaching expenments using artificially contaminated concrete wth actively carbonated surface 
Three surface contamination concentrations to be used, samples taken at penodic time intervals 

Flexibility must be built into the expenmental work, particularly wth  regard to sampling at lfferent tune 
penods It is clear that the findings of the first few expenments wll determine the time to reach steady state, 
for example, and thus reduce the number of samples requred in subsequent expenments 

In summary, nine batch experiments are to be carned out (three different concretes, wth three different 
concentrations of contaminants), wth the aqueous phase being sampled penodically over time The 
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expemnents are scheduled to be performed over 15 weeks, wth a total of 130 samples being measured 
through alpha spectrometry 

I Concrete 1 I 
1 

I Concrete2 I 

I Leach Expts inRFETS Groundwater! 

Note 
C1= concentration 1 
tl =time 1 

I Subtasks 6% 6b and 6c 

I 

I Concrete3 I 

AnalYSlS 

Figure 3 Summary of Task 6 Leaching of radionuclides under RFETS conditions 

5.43 Task 7: Enhanced Leaching Expenments 
In order to further investigate the leachmg behavior of RFETS contammated concrete, a senes of further 
expenments is requred The a m  of these expenments is to allow extrapolabon of leachmg results to 
encompass possible vanations in groundwater conditions, and also to provlde pdance on the maxmum 
amount of contammated concrete that can be dlsposed, and still be protective of water quality standards 

The exact dea l s  of this section of the work plan depend, to a large degree, on the results of task 6, in 
particular, the choice of concrete type and times for analyses It is proposed that task 7 utilize just one 
concrete substrate, contaminated wth  the same three concentrations of actinides as used previously This 
allows for consistency, and ease in companson of results The main emphasis of task 7 wll  be to elucidate the 
leaching behavior of the actinides, over a range of pH’s 

The general expenmental protocols are as descnbed earlier, wth the followng additions, 
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1 pH adjusted to between 6 and 11 by addibon of HCl or NaOH 
2 Solutions analyzed for radionuclides, plus Ca, Mg, Na, Si and A1 analysis by ICP-AES 

A wde range of pH’s is reqwed to establish solubility controllmg solids, or sorpbon behavior, in terms of 
“sorption edges” It is proposed that 12 different pH values are used, m the range indicated above Analysis 
of major ions is required, agam, to determine solubility controlling solids, or sorption behawor 

A total of 36 batch expenments are to be performed (three contaminant concentrations at 12 pH values) A 
total of 108 alpha spectrometry analyses are to be performed, along wth 36 non-nuclide analyses using ICP- 
AES The duration of these expenments is agam scheduled at 15 weeks 

5.5 Development of a computational model to predict behavior of disposed concrete 

The leachng behavior of actmdes from the surface of concrete wl l  be descnbed by a complex combinabon of 
contnbutory factors Therefore, in order to detemne the concentrabons of plutomum, amencium and 
uranium in concrete that are protective of water quality standards, it is lmportant to combme all of the 
important chemical and physical processes into a phenomenological and, ultimately, mathematical model 

The chemical processes of dssolution and adsorption have been descnbed m earlier secbons, and it is has been 
shown in secbon 4 2 how simple calculations can be used to prowde an imtial qualitative assessment of how 
the surface concentrations of plutomum, amencium and uran~um can be related to equivalent concentrations in 
a coexisting static groundwater However, the environment of buned concrete rubble w11 be dynamic, and so 
it is vital that hydrological parameters are mcorporated mto the model In addition, information regardmg the 
disposed inventory of radionuclides is requred 

In order to provide a better assessment of the behavior of contarmnated concrete at WETS, information 
regardmg radionuclide leach rate, solubility lmts and distnbubon coefficients denved fiom the expenmental 
work plan descnbed m section 5 3 has to be firstly interpreted through use of models Secondly, the 
iformabon has to be incorporated into a comprehensive conceptual and mathematical descnpbon of the 
disposal scenatro Calculahon of a quanbtabve estimate of the concentrations of plutomum, amencium and 
uranium in concrete that are protective of water quality standards, therefore, reqwres h s  new expenmental 
data plus a qute detaded descnpbon of the proposed disposal site, whlch includes the followmg information 

0 Proportion of concrete to backfill matenal 
0 Nature of backfill matenal, distnbution coefficients, porosity 
0 Groundwater flow rate through the disposal facility 
0 Groundwater path to surface water (length, flow rate, Kd’s) 

A suitable computational groundwater flow model is required that includes processes of sorption, solubility 
and radioactive decay, and through th~s the chemical and hydrogeological parameters can be combined to 
provide an assessment and justification of the concentrations of radionuclides in concrete, and the impact on 
groundwater action levels 
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It is clear that the chermcal controls on release o f  plutomum, amencium and urmum from concrete are not the 
only factor to consider, and so such a computahonal model would provide a means to assess the design and 
hydrogeological features o f  a concrete disposal site In addition, the temporal and spahal evolution o f  the 
leachmg actmdes can be calculated and assessed 
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6. Quality Assurance Requirements 

In order to ensure that the work c m e d  out in Phase I1 of the invesbgabon can be validated and, if necessary, 
repeated it w11 be necessary to exercise controls over the methods used to plan, perform and collect data 
ansing fiom the expements outlined elsewhere m th~s work plan 

A Quality Assurance Project Plan (QAPP) wntten and approved before the work commences w11 govern these 
controls dmng the expenmental phase of the work The QAPP wl l  ensure that the data collecbon process is 
defined, controlled to the extent requued, venfied and documented The design process for these controls wl l  
identify all relevant activibes pertammg to envuonmental data operabons, establish performance 
specifications, and identifl appropnate controls Planrung for the management of data ansing fiom the 
proposed work w11 be performed usmg the Data Quality Objectwes (DQO) Process Thls Process is a senes 
of steps designed to establish cntena for data quality and for developmg expenmental data collecbon designs 
(NUREG) Use of the DQO Process wl l  unprove expenmental effectweness and efficiency The Process 
uses a graded approach to data quality requirements and is usually c m e d  out early in the expenmental 
process design and provides mput into the QAPP regarding enwonmental data management DQOs are 
qualitative and quantitative statements, whch can 

0 clarify the experimental program objective 

0 Define the most appropnate type of data to collect 

0 Determine the most appropnate conditions for collecbng the data 

0 Specify limts on decision errors that wll  be used as the basis for establishmg the quantity and quality 
of data needed to support the decision 

The DQO Process is iterative and ensures that p l m n g  is performed properly the first tune and established 
performance measures for the data collector are appropnate For the expenmental work descnbed in h s  work 
plan, the use of the DQO Process and outputs wll form an integral part of the QAPP 

Overall, the design of the QAPP shall ensure (but not be limited to) consideration and development of 
detsuled specifications for 

0 

0 

0 Logging in of materials 

0 Assignment of identification numbers 

Assessments needed dmng the project (e g surveillance, audits) 

The receipt and control of radioactive matenals including, but not limited to 
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Safe storage 

Packaging, shlppmg and custody 

Handling and usage of radioactive matenals 

Protectson of worker and public health and safety 

Data venfication and validation methods 

Data reporting requirements 

Integration cost or schedule constrants into the design 

Calibration and performance evaluatson of testing equpment 

Selected analysis of duplicates, blanks and surrogate samples 

Controlling non-conformances 

Readiness reviews pnor to data collection 

Reqwrements and qualifications for sampling and analysis personnel 

Sample types, numbers and quantities, and samplmg location reqwrements 

Selection of analytical methods and their quality performance expectahons 

Measures for the disposal or mimmiwng procedures for wastes produced dwng sampling and analysis 
operations 

The process shall ensure that the data generated are traceable to the procedures used to produce the data and to 
the personnel generatmg or collecting the data Data transfer, reduchon, venficatson and validahon 
reqwrements must be determmed and documented The requirement for necessary reports to management for 
status of the work, intenm results, and the results of assessment achwQes shall be identified and documented 
Any restmtions to be imposed on the use of the generated data wl l  be clearly defined 

The QAPP wl l  encompass the above requrements and the document wl l  be reviewed and approved by a 
technically competent designated person(s) before use The QAPP wrll be subject to regular review by a 
technically competent person at regular defined intervals dmng the penod of performance 

These specifications wl l  be in the form of QA Procedures whch, when followed, w11 ensure that QA 
requirements for the expenmental work are met and mamtamed The pnncipal text, whch defines many of the 
above listed requirements, is Quality Systems Requirements For Enwonmental programs ANSUASQC E4- 
1993 
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Safe storage 

Packagrng, shipprng and custody 

Handling and usage o f  rdoactive matenals 

Protection of worker and public health and safety 

Data venfication and validation methods 

Data reporting requrements 

Integration cost or schedule constrants into the design 

Calibration and performance evaluation of  testing equpment 

Selected analysis of duplicates, blanks and surrogate samples 

Controllrng non-conformances 

Readiness reviews pnor to data collection 

Requirements and qualificahons for samplmg and analysis personnel 

Sample types, numbers and quantihes, and sampling locahon requrements 

Selection of analytical methods and their quality performance expectations 

Measures for the hsposal or minimmg procedures for wastes produced d u n g  sampling and analysis 
operations 

The process shall ensure that the data generated are traceable to the procedures used to produce the data and to 

requrements must be determined and documented The requrement for necessary reports to management for 
status o f  the work, intenm results, and the results of assessment achwbes shall be idenQfied and documented 

I the personnel generating or collecting the data Data transfer, reduction, venfication and validahon 

I Any restrrctions to be imposed on the use of  the generated data wll be clearly defined 

I The QAPP wll  encompass the above requrements and the document wll  be rewewed and approved by a 
techcally competent designated person(s) before use The QAPP wll  be subject to regular rewew by a 
techcally competent person at regular defined rntervals dmng the penod o f  performance I 
These specifications w11 be in the form of  QA Procedures whlch, when followed, will ensure that QA 

above listed requirements, is Quality Systems Requirements For Environmental programs ANSI/ASQC E4- 
I requrements for the expenmental work are met and maintained The principal text, whlch defines many of the 

I 1993 
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I ;  
II' 

(P 

Leachmg Expenments 46,000 
Enhanced Leachmg Expements 28,000 
Model Development 16,000 
Interpretation and Reportmg 15,000 
Project Management and QA 30,000 

8 

I 7. Performance Budget and Schedule for Phase II work 

Figure 4 outlines a schedule to undertake the work plan descnbed in thls report Tasks relatmg to the study of 
samples of WETS contaminated concrete have been listed separately The duration of task 2 relating to the 
selection, samplmg and shpment of WETS samples cannot easily be esbmated by th~s review The schedule 
shown in Figure 4 assumes that information regarding sample types, locations a d  contaminant concentrations 
is known when the Notice to Proceed is issued This wll  allow sample selection and preparation of a 
samplmg plan (SAP) to be undertaken mediately Any additional surveying of the WETS site wlll 
obviously push back the proposed start date of subsequent tasks If task 2, overall, extends more than 3 
months it wl l  be cnhcal to the complehon of the project wthm the timescales mdcated in Figure 4 If 
samples of WETS contammated concrete are unavarlable, Task 2 and Task 5 would not be requlred Time 

' I  
' I  
1 

, 1 durations listed in Figure 4 represent actual durahon (e g expenment duration) rather than man weeks worked 

The overall budget for h s  work plan is estunated to be in the region of $160 5k And agam, it should be 
noted that h s  budget figure excludes all costs mcurred in task 2 associated wth  the selection, samplmg and 
transport of samples of WETS contaminated concrete A breakdown of the esbmated budget by task is shown 
in Table 4 Laboratory based tasks include sW, analysis, equpment and overheads costs 

I 
I 

Select WETS Samples 7,000 
Prepare Artificial Samples 7,500 
Artificial Carbonation 6,000 

I' I 

Table 4 Breakdown of the Performance Budget, by task 

I 
I 
I 
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ICP-MS 

, I "HAES 

I I 
I 9. List of Acronyms, Abbreviations and Symbols 

I DOE 
M 

pCd1 
W E T S  

SEM 
I RFCA 

I"" 

' I DCF 

I 

U S Department of Energy 
Molality, moles per hlogram of water 
milligrams per liter 
picocunes per liter 
Rocky Flats Enkironmental Technology Site 
Rocky Flats Cleanup Agreement 
Scanrung Electron Microscopy 
Equlibnum distnbuhon coefficient, representing extent f SOrptl n onto a solid surfac 
Defined as the ratio o f  concentration sorbed a g w t  concentration in the aqueous phase Umts 
are volume/mas\ (e g m3/kg, Lkg) 
As I(d but more accurately used to descnbe empincally measured distnbution 
coefficients, where thermodynamic equilibnum is not necessmly true 
Inductively Coupled Plasma Mass Spectroscopy 
Inductively Coupled Plasma Atomc Emission Spectroscopy 
Calcium Silicate Hydrate (cement mineral phase) 
Radioactive events per second per liter 
Maximum Concentration Levels 
Quality Assurance Plan 
Dose conversion factor 

I 
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Appendix A: 

Literature Review on Behavior of Contaminated Concrete Over Time and 
Relevance to Plutonium, Americium and Uranium Contamination at The Rocky 
Flats Environmental Technology Site 
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1. Summary 
Thls Appendix provldes a rewew of current literature on the behavior of plutomum, uramum and amencium m 
contammated concrete wth relevance to surface contarmnated concrete at the Rocky Flats Envlronmental 
Technology Site (RFETS) This rewew is used as a basis to design a draft work plan to more fully understand 
the mobility of thls contaminahon at WETS for the purpose of assessmg radiologic nsk over a penod of 1000 
years The ann of the overall project is to provide a cornpanson of the behawor of plutomum, urmum and 
amencium present in contammated concrete to that present in soils for which nsk cntena are defined The 
project w11 also establish what concentration of these radionuclides can be bound in concrete at WETS that 
wll  be protective of water quality standards 

A review of literature on cement and concrete degradation, r&onuclide leachmg fiom cement and concrete, 
and plutomum, uratllum and amencium solubility and sorphon under cementitious conchhons has been 
undertaken Sufficient information is avadable in the literature and in the RFETS Sitewde Geoscience 
Characterization study to qualitahvely predict the degradation behavior of concrete rubble at WETS and to 
provide background informahon for evaluatmg the chemical controls on leachmg, solubility and sorphon of 
plutomum, urmum and amencium The man process of degradation affecting the predomnant surface 
contammation of WETS concrete is likely to be carbonation, the reaction wth carbon dioxide either in soil 
gases or dissolved m groundwater Attack by sulfate and processes controlled by microbial activity may also 
be relevant, but the involvement of these processes is more uncertam at present Corrosion of steel rebar is also 
llkely to contnbute to the cracking of concrete blocks The man form of degradation by carbonation is 
unlikely to result in dissaggregation of the surface and may m fact result in a more resistant surface that is less 
prone to freeze-thaw and mechmcal erosion Formation of silica and lron hydroxide colloids is possible 
d u n g  degradation that could influence the migration of actimdes 

Carbonation of the surface zone contamng plutomum, urmum and amencium contamination has important 
unplicat~ons for the chemical controlled leachmg of radionuclides The local flud pH surrounding the 
contamination w11 be lowered fiom above 12 to - 8 by carbonation Redox (Eh) condihon wll  be unaffected 
by carbonation and may not be changed fiom that of the background geochemstry, steel corrosion is the only 
likely mechanism by which reducmg condihons may be established It is emphasized that these condibons are 
not typical of the extreme hgh pH, low Eh deliberately engmeered in radioactwe waste repository designs and 
thus plutonium, urmum and amencium are llkely to be more mobile in WETS concrete than in such 
repositories 

Expenmental studies of leachmg of plutonium, uranium and americium from cementitious matenals are very 
limited This is largely a result of the low mobility of actnudes under these conditions, and the need for long 
hme scale expenments Data that is avsulable would confirm the proposition that liqud contamination as well 
as particulate contamination is very close to the surface Under these circumstances diflbive control is less 
important as the contamination w11 be in close contact wth groundwater Leaching from surface 
contamination is considered to be controlled by processes of sorption onto the degraded cement surface and, 
where concentrations are sufficiently hgh, by solubility control from a solid contaminant (e g PuO,) In view 
of this, a review of literature on plutonium, uran~um and amencium solubility and sorption under conditions in 
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the degraded concrete surface has been undertaken A substantial amount of literature is avalable concemg 
the solubility of actnudes under cementibous condibons, although the majonty of these studies are concerned 
wth hgher pH’s than relevant here, a good understandmg of the controls on solubility and sorpbon is 
possible An important factor controlling solubility, and hence release is the nature and solubility of the 
actmde contammhon Sorphon hstnbuhon coefficients (Rds or Kds) for actmdes under €ugh pH conhhons 
are quite well defined, but agam these manly relate to hgh pH, non-carbonated cement substrates Actimde 
sorption is generally less effective at lower pH, and uncertamties exlst in the sorphon mechasm on 
carbonated cements and on the uptake of contammants by calcium carbonate 

In summary, a reasonable understanding of the degradabon of concrete at WETS is possible, the question of 
the mobility of plutomum, urmum and amencium under the chemical condihons established in the degraded 
concrete is more uncertam These contammts are llkely to be solubility controlled m the very near surface of 
the degraded concrete, however the nature and solubility limit of the solid contarmnant phases are unknown 

2. Introduction 
Thls Appendix compnses a review of the literature on processes relevant to the mobility of the radionuclides 
plutomum, urmum and amencium present in contaminated concrete present at the Rocky Flats Environmental 
Technology site (WETS) It has been suggested, for the purposes of assessing radiological nsk, that release of 
radionuclides from contaminated concrete rubble remaxung after decomrmssiomng activibes at WETS wl l  be 
similar to that from release from soil over a 1,000 year penod (RMRS, 1998) On h s  basis a possible 
d a t i o n  dose based standard for determmng the concentration of contarmnants in concrete is the Tier I soil 
achon level defined m the Rocky Flats Cleanup Agreement (RFCA) (DOE, 1998) Another possible standard 
is that radionuclides leached from concrete wl l  be protective of water quality defined by Tier I1 action levels 
for ground water, Pu, Am 15pCdL , U 1 OOpCdL (DOE, 1998, Attachment 5) 

The ams  of h s  project as defined in the statement of work (RMRS, 1998) is to prowde a qualitative 
assessment of the physical and chemical properties of plutomum, amencium and uran~um contaminahon in 
concrete and to answer the questions 

“Does concrete behave like soils at WETS over the 1,000 year assessment penod?” 

“What concentration of plutomum, amencium and uranium may be bound in concrete left at WETS after 
decommissiomng that w11 be protective of water quality standards?” 

Thls literature review is the first stage of th~s exercise, the objecbves of the review are to provide a preliminary 
understanding of the processes involved in concrete degradation and plutonium, amencium and uranium 
leaching from concrete, at WETS This review includes examination of site-specific data provided principally 
in the Groundwater Geochemistry Report for the WETS (EG&G, 1999, together wth verbal descnptions of 
the nature of the contamination in concrete from RMRS and Kaser-Hi11 staff A qualitative descnption of the 
degradation of concrete at WETS and the chemical factors govemng the mobility of plutomum, amencium 
and uranium are provided Comments are made on current madequacies in the open literature in understanding 
processes of actinide mobility from contaminated concrete at WETS 
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2.1 Overview of radionucliddcement literature 
An extensive amount of literature exists m peer-reviewed J O ~ S ,  conference proceedings and in reports of 
vmous agencies and research insbtutes on the applicabon of cement and concrete to the &sposal of 
d o a c t w e  waste Cement-based matenals are used commonly for the encapsulabon of low- and mtermediate- 
level waste and for proposed backfill matenal in repository designs Concrete is used extensively m the 
structural design of radioacbve waste repositones Cement and concrete form a low permeability bamer to the 
ingress of groundwater to radioactive waste In addbon, the hgh pH and lugh surface area of the cement 
matnx provides a chemical bamer to ra&onuclides, providing retardation by sorption and lowenng solubility 
To understand the behawor of this chemical b m e r  extensive research has been camed out to predict the 
evolution of chemical conditions in cement pore water over very long penods of time (1 00,000 years) Much 
of tfus research has concentrated on pre&ctmg pH dmng leachmg of cement by groundwater as tfus is an 
important parameter controlling both the solubility and sorpbon of radionuclides Other areas of cement 
degradafion, whch impact on the structural mtegnty of concrete are attack by chlonde, sulfate and 
magnesium, whch can be at hgh concentrahons m deep subsurface bmes The mcrobial promoted attack of 
concrete is also quite frequently discussed in the radioactive waste literature 

Measurement of leachng rate of certatn radionuclides from cement wasteforms has been camed out Quite 
extensive expenmental studies have been made of Cs, Co, Sr, I, C leachng( Amoya and Suzulu, 1992, 
hshnamoorthy et al, 1992, Plecas et al, 1992b, Miyamoto et al, 1993, Nish et al, 1991, Kat0 et al, 1996, 
Penc et al, 1993, 1994, 1995) and models based on dffusive transport of these relatively mobile elements have 
been developed (Plecas et al 1992% E m  et al, 1992,1993,1996) Such data and models are not particularly 
relevant to the leaching of contammants from RFETS concrete, here the contarmnation is in the form of Pu, 
Am and U, and the sdicial  nature of the contaminahon wl l  not be influenced by diffusive properhes of the 
cement matnx 

Studies of the leachng of actmides from cementihous matenals are much more limited, tfus m part reflects the 
very low mobility of actmdes m cemenbtious systems, wth  the consequence that expenmental tune scales 
have to be extremely long In addition, the focus of tfus limited work has been concerned wth  the leachmg of 
radionuclides from cement-encapsulated waste, rather than surface contarmnation Diffusion measurements do 
however provide a useful mdicator of the depth to whch actmdes can penetrate into concrete 

Despite the lack of data explicitly dealing wth actimde leachmg from concrete, there is another avenue to be 
explored Due to the use and proposed use of cementibous matenal for the immobilization of radioactwe 
waste, properties of radionuclides in cement environments have been extensively studied Thus solubilities of 
actinides in cement leachates have been determined, and sorption onto cement pastes have been measured 
Although these do not, on the face of it, appear to be directly relevant to RFETS leach behavior, these 
expenments may in fact reveal useful information about the leachng of radionuclides fiom cements 

As a consequence of the literature search cntena used, and the number of references related to radioactive 
waste disposal, many references exammed relate to the use of cement based matenals in repository designs 
and waste encapsulation It should perhaps be emphasized at tfus stage that although the literature reviewed is 
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I sourced largely from such repository studies, the processes controlling plutomum, amencium and m u m  

I 
I multi-bmer approach 

I The literature search was camed out using BNFL’s Information Retneval Service The followng databases 

mobility at WETS are not typical of those in radioactwe waste repositones In part~cular 

0 Contamination m WETS concrete is surficial and wl l  be m close contact wth  groundwater 
0 pH w11 be sigmficantly lower than m engineered repositones, where it forms an integral part of the 

2.2 Literature search criteria 

were searched 

BIOSIS Previews 
CAB ABSTRACTS 
Chemcal Engineenng and Biotechnology 
Abstracts 
DIALOG Sourceone Engmeemg 
E1 Compendex Plus 
EMBASE 
Enviroline 
GeoArchwe 
GeoRef 

I 
I 
I 
I 

INSPEC 
Life Sciences Collection 

I NTIS 
I 
I PASCAL 

SPIN 
TRIS 
World Translations Index I 

CA SEARCH (Chemical Abstracts) 
Cerarmc Abstracts 
Dement World Patents Index 

Dissertahon Abstracts Online 
Electnc Power Database 
Energy, Science and Technology (DOE) 
FLUIDEX 
GEOBASE 
Inside conferences 

METADEX 
Nuclear Science Abstracts 
SciSearch 
TOXLJNE 
Wilson Applied Science 

JICST - Eplus 

The followng keyword searches were made 
1 Cement or concrete and leach and radionuclide (192 returns) 
2 Cement or concrete and degradation (1 56 returns) 
3 Concrete and contammation and radionuclides or uran~um or plutomum or fission product or nuclear 

waste or radioactive waste (95 returns) I 
I These searches were selected so that the key publications on radionuclide mobility in cementitious radioactive 

waste systems would be covered, the relevance of these publications was determined as site specific data was 
received from RMRS The last search concemng concrete contamination was the least successll and 
references here mainly concerned decontamination methods, contammation associated wth nuclear reactors 
and nuclear fall out On the basis of document title and avadable abstracts 60 papers and documents were 
chosen as being relevant and were obtzuned from the Bntish Lendmg Library In addition to these references a 

I 
I number of other sources of literature were examined which included 
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1 Matenals Research Society Symposia " Scientific Basis for Nuclear Waste Management" VIII-XXI 

2 A collection of references on actmde solubility and sorption 
(1985-1998) 

In addition reference lists 111 reviewed publications were examined for further relevant references A list of all 
references used in th~s review is provlded in the Bibliography 

3. Nature of Contamination of Rocky Flats Concrete 
Information regarding the nature of contarmnation of construchon concrete at WETS is limted and no 
documented descnptions were avsulable Verbal descnptions of the nature of the contamination were provided 
at two meetings (Roberts, personal commurucation, Ervin, personal commurucation) Contammation of 
WETS construction concrete by Pu, U and Am is thought to be present 111 three forms 

0 Surface contammation of very fine-gramed PuO, wlth associated Am and U from a plutomum fire 
0 Contamination from Pu mtrate soluhon seepage through concrete 
0 Uranium present in locally denved aggregate used in concrete 

The surface contaminated Pu is thought to be the most important for discussion here since contamination by 
Pu mtrate may be at levels too hgh for in-situ disposal Plutomum is likely to be present in the chemically 
stable form PuO,, as very fine-gmned smoke parbcles resulting from combustion of Pu metal (Baldwn and 
Navratil, 1983) Surface deposited PuO, particulates in concrete are generally likely to be limited to the first 
few millimeters (DOE, 1995) Urmum and amencium are assumed to be present on the surface in a simlar 
form to sdicial Pu, although the nature of these compounds is more uncertam than for plutomum, urmum 
could be present as either UO, or in the U(V1) oxidation state as hydrated phases (e g schoepite) if 
contamination is related to combustion, amencium may be present as hydroxide The depth of liqurd mtrate 
contarmnation on WETS concrete is not known Expenments have however been performed on the 
attenuation of Pu and Am mobility in concrete unmersed in mtrate (Jakubick, 1987) whch show that at a 
steady state uptake from 1 0-5 M Pu and 10" M Am soluQons both Pu and Am penetrated to a depth of around 
2cm in concrete pre-treated wth  3M mtnc acid Pu hffusion and leachmg expemnents reviewed ~fl a later 
section indicate that diffusion is extremely slow Liqud Pu nitrate contamination is therefore llkely to be 
close to the surface, and thus w11 be influenced by chermcal degradahon of the concrete Urmum in 

aggregate is present presumably at background levels in local bedrock Uranium in aggregate is assumed to be 
evenly distnbuted through the concrete and its release wll  be controlled by the gross degradation of the 
concrete 

4. Site Specific Geochemistry 
The geochemistry and composition of the groundwater at WETS is a crucial factor in determining the 
leachmg behavior of surface contaminated concrete Therefore, a review of the groundwater geochemistry is 
appropnate This review is based on the comprehensive site charactenzation report (EG+G, 1999, and it has 
not be deemed necessary to offer any new interpretation Rather, those factors of groundwater geochemistry 
that are important, from a concrete leachng context, have been highlighted, extracted and assessed The aim is 
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to summmze the magmtude and vanation of important parameters, m order for the literature rewew to be 
placed wthin a site-specific context 

4. I Summary of Rocky Flats Geochemistry 
The hydrology of the WETS site is drvided mto two drstmct mts, the Upper Hydrostratigraphc Umt (UHSU) 
and the Lower Hydrostrahgraphc Urut (LHSU) The UHSU is composed of unconsolidated, surficial deposits 
and weathered sandstone of the underlymg Lararme and Arapahoe formations The LHSU consists of the 
unweathered porhons of the Arapahoe and Laramie formations 

Groundwater flow is generally from west to east, with permeability and hydraulic conductivihes greater m the 
UHSU than m the LHSU There appears to be limited hydrological commmcation between the two mts The 
verhcal hydraulic conduchvity of the LHSU is an order of magmtude less than the homntal conduchvity, 
indicating that the LHSU acts as a hydraulic barner to verhcal groundwater flow 
The groundwater geochemstry report (EM, 1995) presents data from samples collected from 1990 and 
1994, from 532 wells The data is presented m terms of Shff and Piper diagrams, and time senes graphs In 
addition, the results from geochemical modelling (usmg WATEQF) and inverse modellingheaction path 
modelling (using NETPATH) are also shown and discussed 

In summary, the UHSU and LHSU compnse sigruficant geochemical mts, wth the former predommantly 
calcium bicarbonate dominated and the latter considerably more vaned, rangmg from a sodrum bicarbonate to 
sodium sulfate dominated groundwater A major excepbon to these generalities is found m groundwaters close 
to the Operational Umts, where contamination results in UHSU compositions as vaned as LHSU waters, with 
sodium and sulfate partmlarly enhanced 

Data from wells along four proposed flow paths are also presented, and also interpreted through modelling In 
general, the concentrations of major cations (Ca, Mg, Na and K) and total dissolved solids mcrease along the 
flow paths, whch could be mdicative of contammhon, infiltrahon or mxmg of groundwaters However, 
inverse modelling suggests that the evolution of groundwater composihon can be explamed by natural 
geochemcal reactions, such as dissolution and precipitation of mmeral phases, and ion exchange reactions In 
particular, the precipitation of kaolmte, SiO, and iron minerals, the dissoluhon of calcite, pynte, rmcroclme 
and chlonte and exchange of calcium for sodium, would appear to be the more important mechamsms The 
conclusion is that the mixing of addihonal groundwaters is not required to account for the evoluhon of major 
element geochemistry along the major flow paths 

However, local vanations are shown to exist, particular along the Industrral Area flow path, where the major 
ion composition of the UHSU changes from a calcium bicarbonate water to a mixed sodium 
bicarbonate/sodium sulfate groundwater In part~cular, groundwaters close to the Solar Evaporation Ponds 
indicate elevated levels of major cations, strontium, uranium-23 5, chlonde and sulfate, whle groundwaters 
close to the Landfill exhibit low pH’s, potentially low Eh and elevated metal concentrations It does not appear 
that these local variations are reflected in the overall geochemical evolution along the flow paths, as the 
groundwater at the end of the flow path is agam a calcium bicarbonate water 
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4.2 Variations in Specific Parameters 

4.2.1 Carbonate 
Carbonaaon is an mportant degradabon mechmsm, whch affects the physical and chemical integnty of 
concrete Carbonate also affects the solubility and sorption of actmdes m groundwater As has been 
mentioned above, the groundwaters of the UHSU can be classified as calcium bicarbonate, wth the carbonate 
level likely to be controlled by calcite solubility Takmg data from the Flow Path diagrams (Figures 5-8 to 5- 
17, EG+G, 1995), bicarbonate concentrations appear to vary from less than 1 mg/l m the background wells of 
the Southern Flow Path to 200 mg/l along the Woman Creek flow path However, boreholes in the Industnal 
area exhrbit concentrations much hgher than h s  For example the Sbff diagrams presented m Plate 2 (EWG, 
1995) show bicarbonate concentrations of 20 meq/l (equvalent to 1200 mg/l) 

The Lower Hydrostratigraphc Unit e h b i t s  lower bicarbonate levels, as shown m Figure 6-46 (EG+G, 1995), 
where a umform concentration of 100 - 200 mg/l is observed site mde, apart fiom area around the Industnal 
Area, where concentrations nse to above 200 mgA 

4.2.2 Sulfate 
Sulfate is an important anion producing enhanced degradation of concrete Sulfate is also a potential microbial 
substrate, which could enhance concrete degradation and radionuclide mobility Sulfate is generally low in the 
UHSU, typically less than 10 mg/l in the Woman Creek Flow Path background wells In the Industnal area 
sulfate is much more vanable increasing to over 1000 mg/l The groundwater around the Solar Evaporation 
Ponds and Ponds B along the Walnut Creek appear to be parbcularly enhanced wth respect to sulfate 
concentrations 

Figure 6-5 1 (EWG, 1995) indicates that the concentration of sulfate in the LHSU is fady constant across the 
site, less than 100 mg/l Th~s may indicate that the background concentrations of sulfate are slightly hgher in 
the LHSU than in the UHSU There are mcreases in the Industnal Area, but these do not appear to be as hgh 
as those in the UHSU 

4.2.3 Chloride 
Chlonde produces enhanced degradation of concrete and induces corrosion of steel redorcements (rebars) 
Chlonde generally behaves like the other major elements, as concentrabon tends to increase along the flow 
paths In the UHSU, background concentrations are less that 25 mg/l, whle the concentrations at the WETS 
plant are generally between 25 and 50 mg/l, wth hot spots, agam, around the industnal area (where 
concentrations exceed 500 mg/l in places) In the LHSU, concentration is fmrly uniform at less than 50 mg/l 

4.2.4 Reduced Nitrogen, Sulphur and Organic Matter 
Reduced species are required for microbial degradation, and nitrogen, sulphur and carbon are often present as 
reduced species in soils and groundwater There is no mention of reduced nitrogen, in the form of ammonium, 
in any of the groundwater analyses, which is reflected in the redox measurements (see later) Pynte is present 
in certain areas of the site, and this would appear to be only source of sulfide Organic composition is less 
clear, and apart from anthropogenic orgamc compounds, the presence of organics is not mentioned 
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4.2.5 p H  
pH is an important control on radionuclide mobility, and on alkali and Ca leachmg of concrete The 
background pH at the WETS appears to be between 7 5 and 8, and appears to be fsurly constant along all four 
flow paths, no doubt due to caIcite eqwlibnum The hghest pH’s occur around the Industrial Area, where the 
pH reaches values above 8 Groundwater close to the Landfill e&bits relatwely low PHS (below 7) In 
general, there is relatively little pH vanahon over the site, in the UHSU The isoconcentration map for the 
LHSU does indicate three area where the pH is above 10 However, these appear to be isolated and the pH is 
othemse below 8 

4.2.6 Redox 
The oxidation state of redox sensitive elements such as plutomum and ura~um is important to their mobility 
Redox measurements can also give an indication of the extent of microbial activity The amount of redox data 
avsulable from the site is sparse, and the &f€iculties m measmng Eh is acknowledged The redox potentials 
were measured using a flow-through cell, and the resulting Eh’s are in the range of 0 09 to 0 32 V i e mildly 
oxidinng The presence of sidente and pynte suggests reducing condibons, thus either there are pockets of 
anaerobic waters or, more likely, the presence of these minerals is indicative of the conditions in the past when 
these minerals were formed It is mentioned that potentially low Eh’s may be encountered close to the 
Landfill, but the values are not presented in the report 

5. Cement and Concrete Degradation 

5.1 Introduction 
Several physical, chemical and biological processes contnbute to the degradation of cement and concrete 
(Lagerblad and Tragardh, 1996, Glasser, 1997, Rogers, 1993a) Many of the processes are inter dependant and 
mvolve some aspect of chemical degradation Chemical degradabon reactions of cement mmerals are 
important as they control the local pore fluid chemstry where radionuclide contammation may exlst Flwd 
chemistry exerts a strong influence on the solubility of the actuudes and in some cases radionuclides may co- 
precipitate wth cement alteration products Sorption of radionuclides is also influenced by flwd chemical 
conditions such as pH as well as the surface mmeralogy It is therefore necessary to renew the mqor chemical 
reactions involved in cement and concrete degradation 

The main chemical processes affecting cement and concrete are 
0 Leaching and acid attack 
0 Carbonation 
0 Sulfate, magnesium and chlonde attack 
0 Alkali-aggregate reactions 
0 Corrosion of steel rebars 

Biodetenoration of concrete pnncipally involving mcrobial induced attack facilitates localized chemical 
degradation by several processes leading to enhanced surface degradation of concrete Since contamination in 
WETS concrete is concentrated at the surface such processes operating at the groundwater interface must be 
considered to be potentially important in releasing radionuclides 
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The mobility o f  rdonuchdes m groundwater can be enhanced by the presence o f  suspended particulate 
colloidal matenals onto whch donuclides may be sorbed Smce concrete degradabon may produce such 
fine-gramed matenal avadable literature on colloid generabon is considered 

An understandmg o f  long-term degradation o f  concrete can be obtamed from study o f  ancient analogues o f  
modern concretes and from computer models Computer models mclude predicbon o f  the structural evolubon 
of  concrete repositones and the prediction o f  chemical degradahon and pH evolubon Analogues and models 
provide an estmate o f  the bme-scale o f  concrete degradation and the likely extent o f  degradation dunng the 
1000 year assessment period 

Followng review of  the above aspects of  cement and concrete degradabon the processes most relevant to 
WETS wll be discussed wth considerahon to the nature o f  radionuclide contammabon and site-specific 
groundwater conditions 

5.2 Chemical evolution of cement minerals 
Hydration o f  Portland Cement (OPC) leads to the formation o f  a vanety o f  chemcal phases whch make up 
hardened cement (Lea, 1980) The imtial pore solutions formed on dissolving anhydrous OPC are strongly 
oversaturated and hydrated silicate phases form in equhbnum wth the pore solution The lunetics of  hydrated 
OPC mineral formation is however slow, irutial phases formed are amorphous gels whch form more 
crystalline phases wth accelerated ageing, and at increased temperature The compositions o f  the imtial gel 
hydration phases formed are vanable and the sequence in whch they form is partly dependent on temperature 
and cunng conditions D u n g  leachng by pure water, alkalis and calcium are removed from the cement 
minerals which results in a decrease in pH of the cement pore flud and change in composition of  the cement 
matnx 

5.2.1 Hydrated cement minerals 
A standard nomenclature is used to abbreviate OPC and hydrated cement mineral formulae in most 
publicabons on cement and concrete 

Abbrew ation Oxide Formula 
C CaO 

The symbols m and t are commonly used to denote the ratio o f  calcium in a mineral and correspond to mono- 
and h- respectively e g monosulphate AFm 

Some of  the main hydration products are 
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0 Calcium-silicate-hydrate (CSH) - the mam component of hydrated OPC Amorphous to semi-crystalline 
wth CdSi molar rat10 of 0 8 to 3 0, unth vanable water content CSH forms d w g  the hydration of 
anhydrous tsl- or di- calcium silicate mth water yielding Ca(OH), and a more silica nch CSH 
Calcium hydroxlde - a crystallme product f o m g  large crystals 
Alurmmum-won-mono (AFm) these phases have the general formula (C%(Al, Fe) (OH),xXyH,O, where 
X is an equivalent of a smgle charged amon Monosulphate and Fnedels’s salt are important hydrated 
cement phases contamng sulfate and chlonde respectively 

0 Tn-calcium-aluminates (AFt) formed by hydration of calcium aluminate, these phases can contam 
mons such as SO,- and C0,- The sulfate mneral ettrrngite is an important member of this group, 
resulting in sulfate promoted degradation 
Hydrogarnet - a solid solution senes contrumng Ca, Si and Al, whch coexrst wth CSH phases 
Brucite (Mg(OH),) small amounts of thls phase are present in hydrated cement Secondary brucite is 
responsible for Mg promoted attack 

In pure OPC based concretes wth low concentratmns of reactive alumina, calcium hydroxide and CSH are 
the man phases present Alumina contamng phases are more important to applicahons of cement grouts and 
backfills used in the encapsulation of radioactwe waste which include blast furnace slag and pulvenzed fly ash 
as additives, such matenals contzun a hgh content of pozzolanic reactive alumina whch results m the 
formation of aluminous hydrated cement phases Aggregate added to concrete may contam alumina in the 
form of rock f o m g  merals ,  however, these phases are largely unreactwe 

5.2.2 Leaching of Ca(OH), and CSH 
Extensive expenmental studies have been performed exarrrrmng the leachng of Ca(OH), and CSH m pure 
water (Berner, 1987, Adenot et al, 1992, Atluns et al, 1992a,b,c, 1994, Engkvist et al, 1996, Delagrave et al, 
1997, Glasser, 1997, Bennett et al, 1992, Pfmgsten and Shotsulu, 1998, Duerden et al, 1997, Neall, 1996, 
Quillin et al, 1994) The majonty of these studies have been performed to examme the pH behavior d u n g  
leachmg whch is an important control on the mobility of radionuclides from cement-based grouts and backfill 
matenals The leachng of OPC based cements can be divlded into five man penods (Figure 1) 

Flushing of residual alkalis (NaOH and KOH) from pore spaces at pH 12-14 
Leachmg in the presence of Ca(OH), pH is buffered at over 12 0, CSH co-existing wth  Ca(OH), has a 
CdSi ratio of approximately 1 8 
When Ca(OH), is exhawed pH is controlled by the CSH phase which dissolves incongruently, 
preferentially releasing Ca into solution pH decreases from over 12 0 to -1 0 5 as CSH changes in 
composition from CdSi ratio 1 8 to 0 8 
On reaching a CdSi ratio of -0 8 CSH dissolves congruently and pH remams constant at -1 0 5 until the 
CSH finally dissolves 
Followng dissolution of CSH pH is controlled by secondary Ca minerals, typically calcite under 
groundwater conditions pH drops to - 7-8 dependent on carbonate levels in the groundwater 

The duration of these pH buffers depends on the amount of each mineral in the concrete, the permeability 
(related to the quality of the concrete), and the groundwater chemical composition The effect of alkalis is 
relatively short-lived since these are present in the imtial porespace and are removed after flushing of 2-3 pore 
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volumes The amount of free Ca(OH), is d e t e m e d  by the amount of popalan~c matenal present 111 the 
concrete, excess Ca(OH), reacts wth  such matenal f o m g  CSH and CASH phases Pure OPC concretes used 
for construcbon purposes, whch do not contam blast fiunace slag or pulvenzed fuel ash wll  contam 
sigruficant amounts of free Ca(OH), CSH form the man buffervlg phase, the rate and duration of dissoluhon 
of Ca depend on temperature, surface area and the concentrabon of Ca, Si and carbonate in the groundwater 
Dissolution is most rapid in soft COz -nch water, and slower in CaCO, waters Acidic water produced by 
microbial action, such as sulfide oxldahon, or acidic spillage onto concrete will effectively accelerate the 
leachng process Under accelerated ac i lc  leachmg diffusion processes limit the leachmg process (Lefebvre, 
1997) The sequence of changes in cement mineralogy occumng dmng leachmg illustrated in Figure 1 can be 
considered to occur either as funchon of time, or flwd volume at a given pomt, or as function of &stance 
representing zoned alteration of a concrete surface 
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Figure I Evolution of cement pore fluid pH during leaching 
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5.3 Carbonation 
Carbon dioxlde reacts strongly wth the alkaime components of OPC concrete dunng the process of 
carbonation Both Ca(OH), and CSH react wth CO, to form calcite 

CSH (s) + CO, @) = CaCO,,) + SiO,(,) + H20 

Carbonation can occur in both saturated groundwater, in the unsaturated zone, and in above ground structures 
In soils carbonahon is favored by high CO, content and the humidity of the soil gas Optmum humidihes are 
around 75%RH (Houst, 1997), the carbonahon reactions only occur in the presence of water, however water 
produced by carbonation must be allowed to & h e  out of the carbonated layer Cement permeability and 
ongmal watedcement ratio are therefore mportant to the extent of carbonahon Tuum (1 982) has mveshgated 
the effects of permeability on carbonahon (Figure 2), in ramwater a good quality concrete wth W/C 0 45 wll  
carbonate to a depth of 5mm in 50 years In groundwater where CO, levels are hgher than in the atmosphere, 
carbonation w11 be more effective (Lagerblad & Tragardh, 1996) 

Formation of calcite from Ca(OH), results in an mcrease in volume of 12% (Houst, 1997) whch reduces 
porosity Despite a decrease in porosity overall shnkage occurs (Houst, 1997) and mcrocracks develop 
(Walton et al, 1997) Decreases in porosity are beneficial m view of degradahon by kze- thaw mecharusms 
Overall the durability of cement increases dmng carbonation Carbonation results in a large decrease in pH to 
-8, where steel reinforcement is more prone to corrosion and where mcrobial mduced degradahon may 
become established Studies of contammant leachmg from carbonated cements show vmed behawor, some 
contaminants such as Sr are incorporated in the secondary calcite (Walton, et al, 1997, Curt1,1998) whle 
unreactive species may show increased diffusion as a consequence of microcrack development (Walton et al, 
1997), or lower diffusion in high w/c cements (Sarott et al, 1992) 
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Figure 2 Measured mean carbonation depth in Portland cement concrete with varying watedcement ratios 
Aper Tuutti, (I 982), Lagerblad & Tragardh, (I 996) 

5.4 Sulfate, Magnesium and Chloride attack 
Accelerated degradation o f  hardened OPC concrete occurs by the formation of secondary sulfate phases, by 
reaction o f  hydrated cement phases w t h  groundwater sulfate Formabon o f  sulfate mnerals results in a 
volume increase which eventually produce expansion, and may result in fracturrng and spallation o f  concrete 
Ettnngite is the sulfate phase most commonly associated wth sulfate attack and forms by reaction o f  calcium 
aluminates and monosulphate (C,A CaSO, 12H20) in OPC Etttlngite is a pnmary component o f  hydrated 
cement resulting fiom the inclusion of gypsum to control setting time Secondary ettnngite forms by further 
reaction of sulfate in groundwater Sulfate-resisting cements are formulated which contain a low proportion of 
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alumina to reduce ettrvlgite formabon m sulfate waters At mcreased sulfate concentrations gypsum (CaSO, 
H,O) forms by reaction of Ca(OH),, in 5% sulfate solubon etttmgpte and gypsum form concurrently ( F e r n s  
et al 1997a) Expansion of cement exposed to sulfate solubons occurs mbally by a hffusion controlled 
mechamsm until avadable porespace is filled by gypsum and ettrulgite, craclung then follows whch allows 
further access of sulfate solubon to unreacted monosulphate (Pommersheun and Clifion, 1994) 

In the presence of both sulfate and carbonate the mineral thaumasite (CaSiO, CaCO, CaSO, 1 5H20) can form 
from alterabon of CSH phases Since CSH is the man binding agent m the cement tlus form of sulfate attack 
results in complete breakdown to a dissaggregated mush (Crammond and Halliwell, 1997) Thaumasite attack 
is limited in occurrence and is favored by low temperatures and use of lunestone and in particular dolomite 
aggregate 

Magnesium sulfate solution is more deletenous to concrete than alkali sulfates because CSH phases are 
attacked as well as the alurmnous phases Under the hgh pH conhbons of the cement pore flud brucite 
(Mg(OH),) precipitates and lowers pH, so that the CSH is destabilized, CSH then forms gypsum and fiee silica 
as follows 

3CaO 2S10, + MgSO, 7H20 = CaSO, 2H20 + 3 Mg(OH), + 2 SiO, 

There is a net expansion d m g  thls reaction that results in fkactunng, the formation of brucite produces a hard 
slun on the surface of mortar and concrete and tlus can restrict M e r  attack 

The extent to whch sulfate attack wl l  take place wll  depend on the sulfate concentration of percolatmg 
groundwater Secondary ettrrngite w11 only form if the groundwater has a hgher sulfate concentrabon than 
that of the cement equilibrated pore solution The sulfate concentrabon of the cement porewater is controlled 
by temperature and alkali content (Lagerblad & Tragardh, 1996) and can vary between 0 1 and 100 mM/l SO;, 
(Damidot et a1 1992) No precise groundwater SOi2 concentration can be specified at whch sulfate attack 
becomes significant A sigmficant loss of compressive strength occurs after one years storage m 5% sulfate 
(Lea, 1980), whle at a concentration of 0 5% sulfate magnesium sulfate attack is sigmficant but sodium 
sulfate has little effect Atkinson and Heme  (1 990) have developed a mechanistic model to predict the long- 
term durability of concrete exposed to sulfate groundwater 

Chloride ions in groundwater can have a simlar effect on concrete degradabon as sulfate Normal cements 
have very low chlonde contents to avoid corrosion of steel reinforcement Chlonde ions bind to the AFm 
phase and produce Fnedel’s salt 3CaO A1,0, CaCl, 10H20, at very hgh concentrations of chlonde the phase 
trichlonde 3CaO Al,O, 3CaC1, 32H,O is formed The action of chlonde may also produce reactions in the 
sulfate cement phases (Lagerblad & Tragardh, 1996) where chlonde replaces sulfate in monosulphate that then 
is avalable to produce ettnngite Reactions among chlonde and sulfate cement phases are dependent both on 
temperature and chlonde content The AFm chlonde phase is stable between 10 and 1000 mmoVl C1 at 25°C 
(Atkins et al, 1994) Chlonde concentrations of around 300 mmoVl and temperatures above 50°C are required 
to produce decomposition of ettnngite (Lagerblad & Tragardh, 1996) 
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5.5 Alkali - aggregate reactions 
Quartz and other rock formmg mmerals are unstable under the strongly alkaline condibons produced by the 
presence o f  sodium and potassium hydroxlde m concrete pore solutions Crystalline mmerals such as quartz 
are however slow to react even under strongly alkaline conditions More reacbve forms of silica such as opal, 
chalcedony and glassy acid to intermehate volcaruc rocks are liable to react to form an alkali-silica gel and 
CSH Formation o f  these phases as alteration nms around aggregates produces expansive forces, whch may 
result in craclung ( F e r n s  et al, 1997b) and exhudation o f  a soft viscous gel (Lea, 1980) Such alkali- 
aggregate reactions are dependent on the alkali content (NqO + K20), below 0 6% NqO usually no 
deletenous alkali-silica reactions occur over short time-scales (1 00 years) (Lagerblad & Tragardh, 1996) 
Formabon of alkali -silica gels removes alkali and lowers pH and th~s induces dissoluhon o f  Ca(OH),, released 
Ca may then exchange wlth alkali-silica gel to release alkalis and induce further alkali-silica reacbon (Wang 
and Gillot 199 1, Lagerblad & Tragardh, 1996) The rate of alkali-aggregate reactions is controlled by the rate 
of  diffision of  alkalis to the reaction site w l h  the aggregate or on the aggregate surface and by the 
dmolubon rate o f  silicates Silicate dissolubon rates are strongly pH dependent and mcreased at hgh pH 
(Lasaga, 1984) Contact o f  groundwater wlth concrete wll clearly reduce the susceptibility for alkali- 
aggregate reactions by remowng alkalis and lowenng pH 

5.6 Corrosion of steel reinforcements 
Corrosion o f  steel reinforcement (rebars) results in expansion and ultimate fiactumg o f  concrete Formation of  
FeO from Fe results in doubling of volume, while the formation o f  femc hydroxlde (Fe(OH), 3H20 ) 
mcreases volume by a factor o f  6 5 (Li and Li, 1997) Steel corrosion is thought to be limited under the high 
pH conditions due to the formation o f  a passivating protective surface (Wheat et al, 1997) Corrosion is 
induced in concrete by the effects of chlonde and carbonation Chlonde-induced corrosion is generally 
considered more important (Li and Li , 1997, Constantinou and Scnvener, 1997 ), largely because the effects 
of  carbonation are slow 

A number o f  mechamsms are likely to be responsible for chlonde-mduced corrosion (summanzed in Wheat et 
al, 1997), chlonde may attack the protective filmhubstrate bond wlthout attaclung the passivatmg layer or the 
layer may be chemically attacked Other theones propose that chlonde is preferenbally adsorbed in 
compbtion wth dissolved oxygen and hydroxyl ions, or that chlonde ions may penetrate the oxide film more 
easily than other ions Once the passivating layer is broken galvaruc corrosion occurs Steel corrosion rapidly 
consumes dissolved oxygen and then produces hydrogen and establishes reducing conditions 

Carbonation-induced corrosion proceeds by lowenng the pH of the concrete pore fluid below that at which a 
passivating layer forms Although the rate of  carbonation is affected by the quality of  the concrete 
(waterhement ratio), once corrosion is initiated the initial properties o f  the concrete have no effect 
(Constantinou and Scrivener, 1997) 

5.7 Biodeterioration of Concrete 
Biodetenoration can be defined as any undesirable changes in the properties of  a matenal by the activity of  
organisms 1 e plants, animals and microorganisms In the specific case of  concrete the organisms of interest 
are on the whole microorgamsms, and these organisms wll be the focus of this section Microorganisms are 
ubiquitous in all natural and man made environments and have been associated wth the deterioration o f  many 
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commercially important matenals includmg construction matenals such as steel, stone and concrete Th~s 
chapter wll descnbe the processes by whch rmcrobial biodetenorahon of radioachvely contammated concrete 
can take place, present examples fiom other mdustnes where appropnate and outline the factors whch 
influence the rate and extent of biodetenorahon 

5.7.1 Microbially Induced Degradation of Concrete and Cement 
Microbially induced degradahon of cement based matenals or MID has been extensively studied m the nuclear 
industry due to its potential role in the detenorahon of contamment in cemented waste forms (Rogers et al 
1993a,b, 1994, 1996) and has even been developed into a biologically based decontammtion process for 
surface contarmnated concrete (Rogers et al, 1997) In non-nuclear mdustnes MID has been associated wth  
the degradahon of sewage pipes, water distnbution systems, power stahon coolmg towers and billldmgs 
(Rogers 1993a) 

MID has two man aspects, firstly the detenoration of the concrete surf'e by the achon of mcroorgmsms 
resulting in a loss of structural mtegnty Thls results in the surface of the concrete being susceptible to 
sloughmg off carrying any associated radionuclides wth it Secondly microorgmsms have the ability to 
secrete complexing agent whch may mobilize radionuclides whch are weakly bound to the concrete Once 
complexed in th s  manner these radionuclides are susceptible to further mobilization via water flow for 
example 

Dlrect detenoration of the concrete surface occurs when microorgasms grovvlng on the surface of the 
concrete generate acidic compounds whch attack the concrete in the same manner as chemcal acid attack 
The fact that in MID the process is microbially mediated usually results in the impact being more severe than 
direct chemical attack Th~s is because the microorgasms grow in mtmate contact wth the surface and 
consequently any acid generated impacts on the surface as a concentrated point source There are three well 
known types of microbially mediated acid attack which are outlmed m figure 3 The pnmary mode of acid 
attack is one of enhanced leachmg where the mherent alkalimty of cement pore flilld is neutrallzed and alkalis 
and calcium are removed as soluble salts The specific soluble salts formed depends on the specific acid 
involved in the attack 
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Microbial1 y 
Mediated 
Acid Attack 

Generatioii of‘ 
Nitric Acid 

Fzgure 3 Types of Mzcrobzally Mediated Acid Attack 

The generation of sulfuric acid is catalyzed by sulphur oxidiung bactena wth bactena from the genus 
Thzobaczlli being most commonly associated wth concrete degradahon Thzobacillz species get theu energy 
for growth from the oxidation of reduced sulphur compounds wth  the subsequent generahon of sulfutrc acid 
The majonty of these bactena use molecular oxygen to dnve this oxidation but there are species whch can use 
mtrate in the absence of oxygen Th~s group of bactena has a wde  tolerance to acidity wth Thzobaczlli species 
growng at pH’s ranging from pH 6 5 to below pH 4 0 (Smth and Strohl1991) The bactena deposit sulfutrc 
acid directly on the surface of the concrete as they grow Since sulfutrc acid wl l  react with and destroys 
Portland cement at any temperature above freenng (Hall 1989) this form of MID can have a devastatmg effect 
on any concrete structure under attack The result of s u l h c  acid attack is a loss of granular structure and the 
formation of sulfate salts such as gypsum (Rogers et al1993a) Sulfate may also be avadable for attack of 
AFm phases forming ettrvlgite 

In order for Thzobaczllz species to grow they reqwre sources of oxygen, carbon &oxide and reduced sulphur In 
nature the reduced sulphur source is generally found in the form of pynte Pynte oxidahon is commonly 
associated wth a specific species of Thzobaczlli, Thzobacillusferrooxzdans This bactena can oxidize both 
reduced iron and sulfide to generate energy for growth, and is the key species in the generahon of acid mine 
drzunage and microbial mimng of metals such as copper and mckel (Bnerley and Bnerley 1997) In other 
cases Thzobaczllr species may grow on reduced sulphur compounds generated by another group of bactena, the 
sulfate reducing bactena (SRB) Ths  is important smce it allows sulfutrc acid based MID to occur where no 
obvious source of reduced sulphur exists In thls situation the sulfate reducing bactena reduce sulfate to 
generate hydrogen sulfide as part of normal growth Thls process occurs under strong reducing conditions, the 
sulfide generated then migrates into an oxidiwng environment where Thiobacillz species are able to utilize it 
generating sulfunc acid as a by-product The classic example of this cycling of sulphur resulting in concrete 
degradation is in sewer systems Here SRB’s are able to grow in the liquid waste in the bottom of the sewer 
pipes generatmg hydrogen sulfide This migrates as a gas into the body of the sewer pipe wth  some of it 
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dissolvmg into condensation on the concrete surface Here, where there is both a source of oxygen and sulfide 
ThzobacrZZz are able to generate s u l h c  acid ThIs mechamsm has been responsible for catastrophe falure of 
the sewer system m Hamburg, Germany (Rogers et al1993a) 

Nitnc acid attack is smla r  to s u l h c  acid attack in that a bactena catalyses the generation of acid through 
the oxidation of a reduced compound dmng its growth This is classically caused by two groups of bactena 
collectively known as mtnfyers The first group oxldizes ammoma to mtnte and the second mtnte to mtrate 
Both reachons liberate hydrogen ions and generate mtrous and mtnc acids respectively The bactena 
responsible for these reactions are common in soils and aquatic environments such as nver beds Unlike the 
sulphur oxidizlng bactena, the mtnfjlers and specifically those responsible for ammoma oxldation, are 
sensitive to low pH’s Tlus means that mtrogen base MID is self regulatmg and does not generate the low pH’s 
associated wth  the growth of Thzobaczllz species 

Nitnfjlers have been isolated from corroded concrete and lmplicated m the corrosion of stone wth acid 
depletmg the binding matenal (Rogers et al 1993a) A classic example of mtnc acid MID has occurred on 
Cologne cathedral and other sandstone buldmgs m Germany (Rogers et al1993a) 

The bactena responsible for the generation of organic acids are a much more diverse group than those 
discussed up to now m thls section These heterotrophc bactena generate energy for growth through the 
consumption of complex orgaruc compounds and may generate a wde  vanety of orgmc acids as by-products 
of their growth These acids mclude acetic, lactic, citnc, glucomc etc , all of whch may attack cement based 
matenals The wde vanety of orgarusms that fall into th~s category means that they are very wdely dstnbuted 
m all environments, particularly soil The role of heterotrophc bactena m MID is not as extensively studied as 
that of the sulphur oxidizers or the xutnfymg bactena However, they have been isolated from concrete 
corrosion sites and it is suggested that they play a role in reducing the pH to a values whch is more favorable 
for the growth of ThzobacrZZz species (Rogers 1993a) 

5.7.2 Generation of Complexing Agents 
From the point of view of radioactively contammated concrete, orgmc acid attack has an additional effect that 
may be important ThIs is the fact that these acids and particularly citnc acid, can complex radionuclides 
resulting in an increased solubility In the case of citrate plant roots and fungal hyphae have been implicated in 
its release into soils (White et al 1997) The degree to whch complexation is a factor wll depend on the 
manner in whch the radionuclides are immobilized on the concrete surface It is possible that the action of 
direct acid attack and complexation act in concert With the acid attack resulting in the radionuclides becoming 
more susceptible to complexation since thelr attachment to the concrete is weaker 

In addition to the orgaruc acids microorganisms are known to produce a whole range of organic molecules 
that can complex metals These include siderophores that are specifically excreted under iron limiting 
conditions, and metal binding proteins such as metallothloneins The extent to whch these compounds are 
important in the mobilization of radionuclides is difficult to assess and their generation may be a source of 
significant uncertamty However, 2-ketogluconic acid has been implicated dmng the weathenng of silicates 
(Webley et al1963) and oxalates dmng basalt weathenng (Silverman and Munoz 1970) Complexahon by 
these compounds cannot therefore be neglected in consideration of nsks 
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5.73 Factors Influencing Biodeterioration 
In order to assess the mpact of biodetenorahon on concrete and the release of radionuclides it is mportant to 
understand the factors that control biodetenorabon Although the surfaces on whch mcroorgamsms are 
growmg d m g  MID are generally inert the orgasms must be m contact wth  an enwomnent whch provides 
them wth the nutnents they requre to grow The major controllmg factors for biodetenoration are outlined 
below 

5.7.4 Water availability 
Water is essential for microbial growth, consequently wthout an adequate amount of water MID wl l  not 
proceed Th~s water may be provided as a liquid or a vapor and could come fiom the surrounding soil for a 
bwed structure or fiom hurmdity for a above ground structure The mfluence of water on the extent of MID is 
such that it may proceed intermittently m environments where there are pronounced wet and dry seasons 

Water loggmg can also have a marked effect on the achvity and types of microorganisms present in soil Thls 
is because under these conditions oxygen generally becomes lunited and anaerobic conditions prevarl Th~s 
would promote the generation of o r g a c  acids such as acetic acid but retard ThrobuczZZz species and mtnflers 

5.7.5 p H  
The pH can have a sigmficant effect on the growth of microorganisms wth each species having a specific 
range and optunum under whch it grows As we have already discussed the pH range for ThrobaczZZr species 
and therefore s u l h c  acid attack is very wde, where as that for mtnflers and m h c  acid attack is narrower In 
the case of concrete degradation the surface pH may have to be lowered through carbonation for example, 
before ThzobuczZZz species can take hold Thls lowenng of the imt~al pH may also be acheved by the presence 
of heterotrophc microorgasms generating organic acids 

5.7.6 Nutrients 
The avzulability of nutnents is key to the progress of MID If there are no reduced sulphur sources or reduced 
mtrogen source avmlable then MID via ThzobaczZZz species or mtnQers wlll not proceed On the other hand if 
there is msufficient oxygen, then the avadability of these sulphur or mtrogen compounds wl l  not be mportant 
since the system wl l  be oxygen limited In terms of heterotrophc generation of o r g a c  acids the key wl l  be 
the avarlability of o r g a c  substrates in the soil to dnve the generation of the acids The most mportant 
vanable in assessing the likelihood of the vmous types of MID is therefore the avadability and quantity of the 
particular nutnents required to dnve the process 

The situation wth the complexing agents may be more complex This is because some of these compound are 
generated by microorgmsms in response to nutnent shortages and in effect represent a survival strategy 

5.7.7 Temperature 
As wth pH microorganisms have a optimum and a range of temperatures over which they grow Under 
environmental conditions the general trend is as the temperature increases so does microbial activity As wth 
water avadability this may have the effect of producing seasonal vanations in the extent and rate of MID 
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5.7.8 Presence of MrcroorganiSmr 
Generally the presence of the parhcular mcrobes associated with MID is not a controllmg factor ' h s  is 
because all the orgmsms mvolved are ubiqutous in all natural and man made enwonments In many cases 
they have the ability to stay dormant for long penods of hme untd the con&tions whch are favorable for then- 
growth become avadable 

5.8 Colloid Generation in Cementitious Systems 
Very fine-gramed suspended solid matenal can potentially act as a separate transport mechasm for 
radionuclides to that of dissolved species transport Plutonium and other actimdes may form aggregates of 
polymenc aqueous species (true colloids) and these are discussed in the secbon on speciahon Wonuchdes 
may also be transported as sorbed matenal onto inorgac(mineral) and orgmc parbculates (pseudocolloids) 
Such matenal is typically in the size range 1 nm - 1 pm (Km et al, 1997) A number of studies of natural 
groundwaters includmg analogues of actuude contarmnahon have shown that a sipficant propoaon of 
radioactivity can be present in groundwater present on such pseudocolloids (Olofsson et al, 1986, Kun et al, 
1987, 1989,1997,Longworth et ul, 1989, Miekeley et al, 1989, Dearlove et al, 1989) Colloidal matenal whch 
has been shown to sorb actmides includes, orgmcs (humics), iron hydroxides, clay minerals, silica, and other 
silicate minerals (feldspar) 

Dlrect investigation and charactenzation of colloid formation in cementitious systems has been made by 
Ramsey et al, (1988)(see also Gardiner et al, 1997) Colloids formed ~fl leachates from OPC were filtered to 
collect vmous size fractions and were exammed by electron microscopy, X-ray difiachon and bulk chemical 
analysis (ICP-AES, ICP-MS) Colloids collected were composed of CSH and effectively represent fine - 
gramed cement matnx Colloids produced showed sigmficant sorption of radionuclides mcludmg uramum 
Leaching of OPC in these expenments was performed in closed flasks purged with mtrogen, thus eliminating 
carbonation, it would be expected that fine-grmned suspended CSH matenal would undergo carbonahon in an 
open system with freely avadable CO, Dunng carbonahon CSH produces amorphous silica which may form 
colloidal matenal 

In order to increase radionuclide mobility sigmficantly sufficient colloid particles must be present m 
suspension Gardiner et ul, 1997 have considered the processes controllmg colloid particle growth and 
aggregation, nucleation, temperature and iomc strength are factors whch govern the colloid concentration in 
expenments on colloid generahon from OPC leachates Gardmer et al comment that when mcluded in the 
Nirex 97 nsk assessment of the post-closure radiological safety case of a U K repository cement generated 
colloids did not sigruficantly increase nsk Bradbury and Sarott (1 994) also comment on the ability of 
cementitious colloids to signrficantly increase the total concentration of radionuclides in the aqueous phase of 
the near-field repository environment, since CSH is the major component of both colloids and cement solid 
phase sorption properties will be similar Bradbury and Sarott (1 994) conclude that unrealistic amounts of 
colloidal m a t e d ( >  10 grams/litre) wll  be necessary to significantly increase aqueous phase radionuclide 
concentration Similar arguments may apply to the generation of colloids from carbonated concrete if it can be 
demonstrated that the solid substrate and colloid matenal are composed of similar matenals 
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5.9 Ancient analogues of concrete degradation 
Ancient analogues o f  modem OPC based concretes have been exammed to provide information on the long- 
term behavior o f  concrete and mortar in d o a c h v e  waste repositones (Lagerblad & Tragardh, 1996) The 
greatest difficulty m applying such informahon is the vanation in the composition and gram size o f  ancient 
cements Portland cement used in the early 20th century were coarser and contsuned a hgher content o f  C,S 
than that used today OPC based cements exposed to water for penods o f  the order o f  100 years remam 
durable, there is evidence that cement phases requihbrate and form larger crystals, and 111 some cases there is 
evidence o f  reaction wth cement aggregates Avmlable examples show relatively little carbonation when 
immersed in water (5mm in 90 years, Lagerblad & Tragardh, 1996) More ancient Roman mortars and 
concrete over 2,000 years old which contained pozzolanic matenal resembling OPC type cements still show 
strong durability (Jiang and Roy, 1994) These cements are fully carbonated and contsun only a small amount 
o f  calcium silicates (Majumdar et al, 1988) Carbonabon occurs 111 these ancient bulldings because o f  exposure 
to the atmosphere (Lagerblad & Tragardh, 1996) Modem pollution, m particular acid ram, has had a marked 
d u e n c e  on the durability o f  some ancient monuments such as the Taj Mahal and the Pyramids (Roy and 
Jiang, 1997) and indicates the importance o f  modern sulfate and mtrates to concrete degradation 

5.10 Repository degradation models 
Long-term models have been devised to predict the structural and chewcal evolution o f  concrete structures for 
low and intermediate level radioactive waste disposal Models have been proposed o f  varying detml, and 
considenng vmous chemical and physical processes of cement and concrete degradation Lagerblad & 
Tragardh (1 996) have produced a conceptual model for the chemical and structural evolution o f  a proposed 
Swedish deep nuclear waste facility This model identifies the processes and estimates the extent of chemical 
degradation dmng the penods o f  site development and post-closure, where differmg groundwater, headspace 
gas composition and temperature conditions occur For thls deep repository extremely long time-scales, o f  
more than 100,000 years, are considered and only a qualitatwe descnpbon o f  the behavior o f  concrete is 
provided Mathematical models have been developed to quantitatively predict the semce life o f  concrete 
bmed near to the surface over penods up to 1000 years used to store low-level radioactive waste (Atlunson 
and Heame, 1989, Reed et al, 1994 report, Snyder et al, 1996, Gerard et al, 1997, Lee et al, 1995) Most o f  
these models uhlize empincal analytical equations to model mdividual degradation processes such as sulfate 
attack, Ca(OH), leachng, and carbonahon Corrosion of steel rebar can be modelled by considenng the 
diffusion o f  chlonde to the steel and fiom an anoxic corrosion rate The model o f  Reed et a1 (1 994) I& these 
degradation processes to a structural analysis code that computes stresses in concrete and weakened rebar at 
vmous locations in a structural model Once stress in the rebar exceeds a c e w n  threshold cracks develop in 
the concrete as a function of the structural design, at a hgher threshold the rebars yield and additional stress is 
applied to other parts o f  the structure The model successively calls the concrete degradation and structural 
sub-models until some predefined state o f  collapse of  the structure is reached Snyder et a1 (1 996) consider the 
advective and diffusive transport of  ions through a repository concrete slab and its associated degradation by 
sulfate attack, steel corrosion and Ca(OH), leaching Gerard et a1 (1 997) consider simultaneously the specific 
interactions between diffusion, leaching, mechanical strength, crackmg and permeation Alcorn et a1 (1 990) 
have derived a model to predict the hydraulic conductivity o f  OPC cement grout to be used as a cement 
backfill matenal, according to this model for an ambient hydraulic head o f  1 m/m the hydraulic conductivity 
remains below acceptable performance level (1 O-'' dsec)  for a minimum penod o f  30,000 years Adenot and 
Rchet (1 997) descnbe a model of  purely diffusive reaction o f  water wth cement paste which incorporates the 
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chemical leachng behawor of CSH and the breakdown of monosulphate and ettrrngite Amrdmg to Adenot 
and hchet (1 997) for a good quality cement (waterlcement = 0 4) a degradation layer composed of CSH and 
silica gel wl l  extend a thtckness of 1 2mm after 3 months and 4cm after 300 years Purely & h i v e  alteration 
of cement is lirmted by the bmld up of a protective layer of silica gel, if thts gel is removed by some other 
process such as erosion or chemical dissoluhon then degradahon is more severe 

5.11 Concrete degradation relevant to radionuclide mobility at Rocky Flats 
Concrete degradation effectively controls release of actimde contarmnation by allowng free access to moving 
groundwater Concrete has a low permeability compared to soil m a t e d  and therefore it is unllkely that there 
wl l  be significant water flow through concrete blocks burred wth  soil, flow wl l  concentrate around the 
outside of concrete blocks The bulk of the contamination in WETS concrete is present 111 the upper few 
millimeters of concrete The mobility of radionuclide contammahon w11 therefore be pmanly controlled by 
the zoned chemical degradation formed on the surface of the concrete The nature of the degradation wl l  
clearly depend on the groundwater envlronment and geochermstry 

The background groundwaters at WETS wtlun the upper hydrostratigraphlc u t  are typical &lute Ca 
bicarbonate waters, whereas groundwater at depth in the lower u t  are more sodium nch and more vanable 
The upper hydrostrmgraphic unit is vanable in thickness from 10 ft to 130 ft therefore it is llkely that bmed 
concrete w11 be in contact wth a dilute Ca bicarbonate water Such water is unlikely to produce enhanced 
degradation of AFm phases in the cement matnx by attack by sulfate, chlonde or magnesium In the mdustnal 
area however, there are some hlgh concentrations of sulfate over 1 OOOmgA, these concentrahons are likely to 
produced enhanced degradation by formation of secondary ettnngite Concrete burred in the unsaturated zone 
is llkely to be subjected to carbonahon CO, partial pressures in soil gases are typically above that of the 
atmosphere as a result of respiration by plants and microorgmsms, and thus carbonahon wl l  probably be 
accelerated during bmal Partial pressures of CO, calculated from speciation calculations are not summanzed 
111 the WETS Site Charactenzation Report (EG&G, 1995) The example WATEQF output in Appendix H of 
the Groundwater Geochemistry Report however gives a CO, partial pressure of 6 93e-2 atm whch is above 
the maximum of CO, levels normally measured in soils (log pC0, = -1 5 Appelo and Postma, 1994 ) Whlle 
thts value may not be typical CO, contents are likely to be sigmficantly above that of the atmosphere, and wll  
thus promote carbonation Fujiwara et uZ(1992) examined concretes burred m soil for 60 years in salme 
groundwater, they observed that calcite was the man alterahon product in the upper 1 Ocm of the concrete, and 
that chlonde alteration occurred at greater depth as a consequence of the saline water The samples examined 
by Fujiwara et aZ were in saturated water where carbonahon is generally thought to be less effective More 
ancient Rommc concretes and mortars are virtually completely carbonated on exposure to atmosphenc CO, 
There seems little doubt that the man chemical alteration of the surface contaminated layers of concrete at 
WETS wll  be by carbonation 

As discussed previously, carbonation results in a significant decrease 111 pH from above 10 5 for buffenng by 
CSH and Ca(OH), to around 7-8 buffered by calcite (Figure l), h s  has important implications for the 
solubility and sorption of Pu, U and Am In general carbonated, weakly alkaline cements do not perform as 
well as fresh high pH matrices in immobilizing nuclear waste (Glasser, 1997) Carbonation of the surface of 
concrete results in a decrease in void space and an increase in durability Carbonation may therefore physically 
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entrap parhculate oxide contammants, this could possibly have occurred already by atmosphenc carbonahon, 
or may occur subsequent to bunal 

Controls on the redox state of groundwaters at WETS are largely undefined (EG&G, 1995), few reliable Eh 
measurements are avarlable Field measurements do record dissolved oxygen, but reduced iron mmerals such 
as sidente and pynte and carbonaceous matenals are identified in cores from the upper hydrostratigraphlc u t  
(EG&G, 1999, such observations are typical of the disequllibnum of redox reacbons in natural groundwater 
(Stumm and Morgan, 198 1) Corrosion of steel rebar exposed to groundwater in demolished concrete wl l  act 
as a reducant to produce reduced groundwater condihons, the effectiveness of h s  reducant wl l  depend on the 
groundwater flux, the rate of corrosion and the dissolved oxygen content of the idowmg groundwater It has 
been lscussed how microbial actiwty can effectively catalyze redox reachons and hydrogen produced by 
anaerobic corrosion could be utilized by sulfate reducing bactena, and could conceivably reduce avarlable 
sulfate, parhcularly in the industrial area where 1000 mg/l sulfate is measured Gwen the large c h t i c  
vanation at WETS seasonal vanahons could conceivably result 111 cylic reduction and oxdabon of sulfate 
whtch gives nse to the classic s u l h c  acid mediated form of mcrobial induced degradabon (Rogers et al, 
1993a) Sulfide is however likely to precipitate as iron sulfide if associated wth steel corrosion and may not 
be avadable for subsequent oxidation by Throbaczllr Since sulfides are present in the local alluvium and 
bedrock, and there is no recorded evidence of sulfide oxidation then it would appear that microbial influences 
on cement degradation and controllmg redox state are linuted at WETS Unless some other form of reduced 
substrate such as orgmc matter is disposed wth  burred concrete then it is likely that the prevading 
background Eh wdl continue to apply 

Modelling studies of the behavior of large concrete structures used m near-surface low-level radioacbve waste 
disposal repositones indicate that their gross structure wll  survlve intact for penods of around 1000 years 
(Reed et al, 1994, Gerard et al, 1997) After h s  time severe cracks wl l  have developed allowng groundwater 
access to radioactive waste Buned concrete rubble at WETS wll  not be subject to the same stresses as large 
mtact structures, whch promote the c r a c h g  and breakdown of large structures Degradahon of bmed 
concrete wll  be predomantly by microscopic-scale chemcal and physical processes whtch wl l  eventually 
lead to spallabon of surface layers, where particulate and hqwd contammation is concentrated The &&ion 
controlled cement degradahon modellmg of Adenot and hchet (1 997) is more applicable to the degradation of 
bmed concrete rubble since th~s descnbes the chemcal degradation of the concrete surface exposed to a 
reactive fluld Considemg that groundwater flow w11 be around concrete blocks rather than through the 
cement microporosity, diffision w11 likely control the cement degradation reactions Adenot and hchet 
(1 997) predict that for pure water diffusive degradabon wll  extend 4cm after 300 years in good quality 
concrete Carbonation, whch is expected to be the dominant degradation processes for buned concrete at 
WETS, is likely to produce more aggressive alteration, although carbonation wll tend to reduce permeability 
in the concrete surface and hence reduce diffusion Considemg these modelling studies and evidence from 
ancient cements it is llkely that chemical degradation wll  extend a distance of the order of lOcm d u n g  the 
1000 year nsk assessment penod, whch wll include the majonty of the surface contamination Urmum 
present in the aggregate is unlikely to be exposed to fi-ee-flowng groundwater durrng the 1000 year nsk 
assessment period 
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Spallation of the surface layer wl l  increase the accessibility of groundwater to donucl ide  contarmnation 
Spallabon is dependant on the nature of the degradabon m e c h s m ,  carbonabon mproves durability and 
reduces the susceptibility to freeze-thaw m e c h s m s  Sulfate attack and accelerated leaclung by mcrobial 
achvity breaks down the cement matnx allowmg dissagregahon of the surface layer 

Possible colloidal matenals generated from cement degradabon are silica resulbng from leaclung and 
carbonation of CSH and iron hydroxides produced from steel corrosion Natural colloids may exlst m the 
background groundwater in forms such as humics or suspended clay particles denved from weathenng and 
erosion of bedrock claystones The additional effects of colloids generated from cement degradation should be 
assessed wth reference to these background colloids, and to competition for sorption of radionuclides between 
colloids and the concrete matnx (Bradbury and Sarrott, 1994) 

6. Leaching of Actinides in Cementitious Systems 
Dlrect expenmental measurement of the leachmg and chffbsion of actmdes m cementibous systems is much 
more limited than that of more mobile radionuclides such as cesium The Swedish Nuclear Fuel and Waste 
Management Company (SKB) have undertaken research, from 1980 to 1990, and the results have been 
summmzed by Albinsson et al (Albinsson et al, 1993) The expenments descnbed in thls work involved the 
measurement of cesium, amencium and plutonium diffision into five different types of concrete The 
expenments were c m e d  out over long time scales, 2 5 years for amencium and 5 years for the plutomum 

The expenmental techque involved takmg pre-aged concrete samples, wth approximate length of 25 mm 
The samples were then dipped into radionuclide-spiked porewater, inside a glove-box to avoid sigmficant 
uptake of carbonate At the end of the expenments, the concrete samples were ground, removmg a 0 1 - 0 7 
mm layer wth each gnnding Estimation of apparent diffusivity @3 was acheved either through actiwty 
measurements or, more accurately, through autoradiograms 

The result was that no movement of plutomum or amencium could be measured (0 2mm), despite the long 
bme scales The D, for amencium from activity measurements was estunated at 1 - 9 x 
autoradiogram measurements mdicated a D, of <O 3 - 1 8 x m2/s, wth the vanabon m n l y  dependmg on 
how deep the gnnding was, rather than the type of concrete used The Plutomwn D, was smlarly low, wth  a 
range of values given by 0 8 - 2 4 x m2/s, from activity measurements No autorachograms could be taken, 
as almost all the activity was removed after the first gnnding 

m2/s, whde 

The explanation for the low diffision of these actimde elements is their lugh sorption onto concretes The & 
for amencium sorption onto concrete vanes between 1 and 10 m3/kg, whde the plutomum sorption is slightly 
lower (% = 1 to 5 m3/kg) The hrgher sorption exhibited by amencium would suggest that its D, should be 
lower than plutonium, when in fact the reverse is true This may suggest that the sorption - only mechmsm is 
not the whole story However, the fact that sorption is so high, and that the differences between the two 
actinides is small, means that the evidence is not clear cut 

European Community sponsored research has also focused on the leachmg behavior of radionuclides from 
cemented waste (Vejmelka et al, 1991) This senes of expenments first looked at the behavior of uranium, 
plutonium, amencium and nepturuum in cement samples, in a Q-bnne (MgCl, nch solution) and NaCl bnne 
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To accelerate the leachmg process, crushed samples were used The pH of the Q-bmehment solubon was 
found to be 6 5, wlvle the NaC1-bmelcement solution was at pH 12 5 Plutomum loadmgs were vaned 
between 1 0-9 and 1 O-’g/g cement, nepturuum between 1 O4 and 1 O4 g/g cement, and urmum from 1 O4 to 10- 
‘g/g cement These amounts roughly correspond to the levels found in real waste encapsulabon 

The results showed, for the Q-bnne solution, a linear increase in amencium and nepturuum aqueous 
concentrations wth  increasing actimde loading l h s  indicates that sorption is the dormnant factor in the 
determination of aqueous concentration The results for plutomum are not shown, but the text mentions that 
the same behavior is observed for plutomum U m u m  exlubits similar behavior below loadings of 0 01 g/g 
cement, above h s  concentration, a constant aqueous concentration of 5 x lO”M is observed, wlvch 
corresponds to the solubility limit of UO,(OH), Thls was confirmed by the presence of a yellow precipitate 

In NaCl solutions, the hrgh pH means that solubility controls the aqueous concentrations of all of the acbmdes 
The m u  conclusion from thls portion of the work is that the concentration for Am, Np and Pu is lunited to 
1 e-8M to 1 e- 10 M (for both bmes) and 1 e-5M for urmum 

An unportant conclusion is that the behavior of the actlnides is independent of the doplng techmque Thus the 
same result is observed whether the actimde was incorporated into the cement nr added later into the solution 

It was also discovered that the aqueous concentrabon of Am was not effected by the presence of cenum, 
indicating that cenum does not compete wth amencium for sorption sites, and that ion exchange is not a 
likely mechmsm for radionuclide sorpbon onto cement matenals 

The lunetics of leaclung from cement encapsulated matenals was also exammed For Amencium, the 
composition of the bnne had no effect on the leachmg behavior, whde for plutomum, the low solubility of 
plutomum hydroxides meant that the expenmental concentrations were below detection h i t s  m the NaCl 
bnne The results showed that the effective diffision coefficient for Pu was 1 x 
the value was 2 x IO-’’ m2/s 

m2/s, and for amencium 

The leachability of Nd (an analogue of ttrvalent actnudes), uraruum, thonum and stronbum have been 
examined in a CO, free environment (Serne et al, 1996) Crushed cement samples contammg these four 
radioelements were placed in deionized water, and the aqueous concentrations measured at a range of pHs, and 
at different times The results showed that equhbnum was reached, in all cases, urlthrn 2 days 
Neodymium aqueous concentrations fell steadily with increasing pH (from 7 to 9), and were at the analytical 
detection limits at pHs above 9 The solubility limits of Nd(OH), were shown to approxunate the observed 
results well Similar results were observed for uranium, and the aqueous concentrations could be explaned by 
the equilibnum with CaUO, Thonum aqueous concentrations were at or belou the detection limit over the 
whole pH range, thls is probably due to the formation of the insoluble ThO,(am) phase Strontium leached 
concentration indicated no pH variation, but the prospect of precipitating strontium carbonates in a real 
groundwater system cannot be ruled out 
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The conclusion from h s  work is that solubility, rather than adsorphon is the dormnant factor in determimg 
leachmg of actmdes from cemenbbous matenals, provided the contarmnants are present at > 0 15% of the 
cement waste form 

6.1 Conclusions on Leaching Experiments 
It is difficult to make any firm conclusions based on the limited amount of data presented here However, the 
followng observations can be made 

1 The penetrabon of actimde elements into a cement waste form is limited, even when the radionuclides 
are imtially in the aqueous phase Thls supports the assumption that the contaminabon of concretes at 
RFETS will be surficial m nature, and concentrated w h n  the first few millimeters of the concrete 

2 The factors controlling achmde leachmg from concrete are solubility and sorption The predommance 
of one over the other wdl depend on the concentrabon of each actmde ongmally present in the 
concrete 

3 The fact that the contarmnation at RFETS wll be surficial, rather than analogous to encapsulated 
waste, and leachmg determined by sorphon and solubility means that sorphon and solubility data from 
the literature can be used to estunate leachmg Diffusion processes are not relevant to h s  study 

7. Behavior of actinides in cementitious environments 
The lack of much real actmde leachmg data means that the chemcal behavior of the elements in a 
cemenbtious environment must be investigated to md elucidahon of likely leachng behavior at WETS The 
limted site data suggests that the contamination is llkely to be particulate, particularly PuO, Thus, the first 
factor in determimng the leach rate from the surface of the concrete is the solubility of these mnerals Once in 
the aqueous phase, the actimdes w11 come mto contact wth the cement matnx itself, wth the possibility of 
sorption further retarding the movement mto the groundwater 

Therefore, h s  section examines the avadable literature data concerned wth  actimde sorption and solubility in 
cemenbtious envlronments A l l l y  comprehensive rewew of the environmental behawor of acbmdes is not 
reported here Rather, the essential features of actmde solubility and sorphon behavior have been explored 
From hs, it is hoped, a preliminary picture of the factors influencing acbmde leachmg fiom concrete surfaces 
wll begin to emerge 

7.1 Summary of Conditions expected in a cementitious environment 
The evolution of the chemistry in cement porewaters has been descnbed earlier (Figure 1) and it has been 
concluded that carbonation wll have a significant effect on the behavior of concretes close to the surface 
Thls impacts on radionuclide behavior in two ways Firstly, formation of calcite drops the pH of the porewater 
solution sigmficantly to -8, which could impact on radionuclide solubility and sorption Secondly, the 
formation of calcite presents a different surface to the actimdes, and a consequent change in sorption behavior 
Also, actinides form strong carbonate species in aqueous solution, and this can reduce sorption and increase 
solubility 

The redox conditions in the immediate environment of the contaminated concrete wl l  also be an important 
factor in the determination of actinide leachmg behavior The redox potential wthin the cement porewaters 
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will depend on the composition of the cement Ordinary Portland cements are poorly poised, and so the redox 
potentd is easily mfluenced by the groundwater in contact with it Cement blends contamng sipficant 
amounts of blast furnace slag mll  produce reducing porewaters, due to the presence of Eon sulfides, whch 
creates a SO:- /€-IS’ poised system (as well as other sulphur couples) The result is a measured Eh of -200 mV 
(Glasser, 1991) However it is unldcely that the concretes at WETS will contam sigmficant quanhties of slag 

Corrosion of the steel reinforcements is another source of potentially low Eh values As these rebars corrode, 
the Eh is lowered to hydrogen liberation potential This mechmsm may lower the Eh of the bulk concrete 
porewater, however, the majonty of the actmde contamination is on the surface of the concrete structures 
Therefore, it is more likely that the redox conditions of the concrete surface w11 mirror very closely the redox 
of the groundwater According to the geochermcal charactenzation (EM, 1995), the redox potential 
indicates slightly oxldivng condibons (90 - 320 mV) Mcrobial actwity could potentdly lower tlus Eh on the 
concrete surface, but evidence for this is laclung at present 

In summary, the actmdes present on the surface of concrete at WETS would, on butral, expenence alkaline 
conditions, due to concrete degradation However, the influence of the groundwater is likely to be large, wth 
carbonation of the concrete surface a very likely outcome The result would be a lower pH of -8 Redox 
conditions are likely to be mildly oxidizing, due to the lack of redox poising fium the concrete, and the 
consequent influence of the groundwater 

7.2 Speciation of Actinides 

7.2.1 General 
The actimde series of elements results from the filling of the 5f orbitals, the senes beginning with thonum and 
ending wth lawrencium The iomzation energies of the 5f electrons plays an important role in the chemical 
behavior of the actinide elements The iomzation energies of the actimde elements are significantly lower than 
those of analogous lanthmde elements, the reason being that the 5f orbitals are considerably more shelded 
from the nuclear charge than the 4f electrons Thus, the 5f electrons are less firmly held than the 4f electrons in 
the lanthamde elements, and so more avadable for bonding 

The electronic structure has important implications for the avadable oxidation states for the actrnide elements 
The similar energies of the 7s, 6d and 5f electrons means that multiple oxidation states are accessible, 
particularly for the first half of the senes In contrast, the lanthmdes are almost exclusively found in the 3+ 
oxidation state Table 1 (Katz et a1,1986) lists the oxidation states that uranium, plutoruum and amencium can 
form, wth the most stable oxidation state indicated in bold 

. . .  

Plutonium [Rn] 5P 7s2 3,49596, (7) 
Amencium lRnl5f 7s2 3.4.5.6 

Table I Oxidation States of U, Pu and Am 
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The oxldation state of each actmde is crucial in the determmtion of its mobility In general, the reduced 
omdabon states are less mobile, exhlbitmg greater sorphon and lower solubility (Choppin et al, 1995) Each 
element wll  also behave differently m terms of aqueous speciation, depending on the oxidation state 

Actndes 111 the same oxldahon state have the same structure Actmde ions m the 3 and 4 oxidation states are 
in form of simple hydrated An” and An4’, although these slmple iomc forms have a strong tendency for 
hydrolysis and polymerizabon unless m aciQc solubons (Katz et al, 1986) Actimdes in the hlgher oxidation 
states form oxygenated, actinyl species in solution, AnO,’ and An07 These structures are very stable in 
aqueous solution, possess a lmear structure (Greenwood and Earnshaw, 1984) and reduce the effective charge 
on the central actimde ion, for example, the charge on the Pu atom has been reported as +3 2 and +2 2 for the 
PuOp and PuO,’ ions respectively (Silva and Nitsche, 1995) 

Hydrolysis is an mportant reaction in natural waters, and has a large influence on achmde behavior In 
general, hydrolysis decreases m the order, 

whlch is expected from charge to ion size ratios Hydrolysis is important in that it can alter dominant oxidation 
states For example, the greater hydrolysis of An(1V) species relative to An(II1) results m greater stability for 
the An(1V) ion Hydrolysis is also important m terms of the formation of polymers, (Pu colloids) wth Pu(IV) 
being particularly susceptible (Toth et al, 1983, Choppm et al, 1995) Plutomum polymers are very stable and 
not easily depolymerized, and, as the effect of, for example, concentrabon, temperature and iomc strength is 
not well understood, the erratic nature of Pu(IV) aqueous solubons can make predictions of behavior difficult 
(Katz et al ,1986) 

The mobility of actimdes in the envvonment is determined, to a large extent, by its solubility and sorption, and 
the results of specific expenments are presented rn the follounng sections The extent of both precipitahon and 
sorption is mfluenced by aqueous complexation, whlch can reduce the extent of both processes For example, 
the sorption of metals onto iron oxides is reduced m CO, environment, at hlgh pH, relative to sorption in a 
C0,-free atmosphere (Watte et al, 1994) In general, the trend of strengths of complexabon of vmous ligands 
wth actimde ions is given by, 

OH-, C0:- > F ,  SO:-, HP0:- > Cl-, NO, 

Thus, the man ligands that could perturb the sorption or solubility of acbmdes at WETS w11 be carbonate, 
which is the dominant ion in WETS groundwaters, and sulfate which is present in elevated concentrations at 
various locations (EG+G, 1995) Complexation of actimdes by organic ligands is also well known (Katz et al, 
1986) at WETS organic ligands could be produced by microbial activity as described earlier, or by organic 
contaminants 

7.2.2 Plutonium 
Plutonium forms a number of oxidation states that are stable in natural waters Pu(II1) is stable under acidic 
conditions, although it is easily oxidized to Pu(IV) PuO,’ disproportionates to Pu“ and PuO,~’, although there 
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is some evidence that it may be the dormnant species in solution when concentrahons are low, and the c h c e s  
of two PuO,’ ions interactmg is very small (Choppin, 1983) PuOF is stable but can be easily reduced, even 
by the achon of its own 01 radiation (Katz et al, 1986) The domnant control of plutomum m natural waters is 
provided by the stability of the PuO, phase (Stenhouse, 1995), wth the degree of crystallmty being the 
dominant factor in controllmg plutomum concentrations The environmental behavior of plutomum can be 
descnbed schematically, as in Figure 4 (Choppin et al, 1995) 

REDUCING I OXIDISMG 

LOWER pH HIGHER pH LOWER pH HIGHER pH 

Pu(II1) 

- 
COMPLEXATION 

HYDROLYSIS 
COMPLEXATION 

Figure 4. Schematic Representation of the environmental reactions of plutonium 

7.2.3 Uranium 
Urmum can form three stable oxidation states in natural waters, U4+, UO; and UO? U0,Z’ is the most stable 
form of uraruum in aqueous solubon, and is dlfficult to reduce (Katz et al, 1986) UO; dlspropomonates to 
U“ and UO,z’, while U4+ is stable wth respect to water but is slowly oxidized by a r  to U0,z’ RZU et al(1990) 
note that oxygen fbgacities must be below lods m order to mantzun urafllum in the U(IV) oxidation state 

The uranyl ion is the most stable actinyl ion, wth a U-0 bond distance of 180pm (Greenwood and Earnshaw, 
1984) Uranyl forms a large number of aqueous species, of which uranyl carbonates dominate at neutral pH in 
natural waters Below pH 5, the uranyl ion and U0,OH’ dominate aqueous speciation The U4+, like all An4+ 
ions, is easily hydrolyzed above a pH of around 2 9 (Katz et al 1986), and its speciation is dominated by 
UOH” at low pH, and U(OH);, and possibly U(OH),’ (although the presence of this species has been disputed 
( R ~ I  et al, 1990) at higher pH’s 

Solubility control is sometimes difficult to assess due to the complex solid phase chemistry of uranium, with 
over 160 uranium contzumng minerals identified (Smith, 1983) Most of the uranium found in natural deposits 
is in the form of uraninite (UO,,, (0 O<x<O 25)), indeed it was previously thought that all uranium was 
onginally deposited as this mineral, wth oxidation resulting in the formation of other minerals Dissolution of 
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u r m t e  under oxidimg conQbons can produce a whole wealth of secondary mineral phases, depending on 
groundwater conQlxons (see for example Finch and Ewmg, 1992, Srmth, 1983, Fayek et al, 1997, SverJensky 
et al, 1992) This means that the solubility of urantum could be difficult to preQct accurately in a complex 
enw ronment 

7.2.4 Americium 
Amencium is the simplest of the actimdes looked at in h s  work as it forms only one oxidation state under 
natural conditions, Am(II1) Other oxidation states are possible but requlre either very oxldizlng or reducing 
conditions (Katz et al, 1986) 

Aqueous speciation is dormnated by hydrolysis reactions and carbonation It has been shown (Meinrath and 
Kun, 1991) that, under atmosphenc conditions, hydrolysis dominates below pH 8, whde at pH 8+ carbonate 
species are prevalent Mxed hydroxy carbonate species are also possible (Silva and Nitsche, 1995) 

7.3 Solubility of actinides in cementitious environments 

7.3.1 Plutonium 
The solubility of plutomum under cementitious repository conditions has been measured by a limited number 
of workers The man problem in compmsons of solubility between workers is the crystallimty of the PuO, 
solid phase There is evidence that crystallme PuO, is radiolytdly transformed to a new hydroxide/oxide 
(Berner, 1995) 

Ewart et al(1992) measured Pu solubility in a Arm, atmosphere, to simulate the reducing conditions expected 
m a cementitious near field Figure 5 shows the resulting solubility over a pH range of 7 - 12 As can be seen 
the solubility of Pu is low at pHs above 8, where the aqueous concentration is below 
solubility at lower pHs is due to the formation of Pu(II1) species 

lo-'' M The hrgher 

Pmgdomenach and Bruno (quoted in Berner, 1995) measured solubilities around 
fiom 8 to 10 Agam, the solubility was seen to decrease linearly wth pH below -8 (slope -0 9) 

to in the pH range 

Measurements of plutomum solubility under aerobic conditions are more relevant to RFETS, and there are 
examples of these, of whch only a selection is discussed here In a study w i n g  to deduce the effect of asphalt 
degradation, plutomum solubility has been measured , at pH 12, in a concrete environment (Greenfield, et al, 
1997) The resulting concentration was measured as 1 x lo-'' M, m good agreement wth the results of Ewart 
et al(1992) Allard and Rydberg (1983) discuss plutonium solubility in both aerobic and anaerobic waters 
over a range of pHs Under aerobic conditions, plutonium concentration is controlled by the solubility of 
PuO,(s), wth the dominant species (in the absence of carbonate) being Pu(OH),," The solubility is constant 
between pH 5 and 10 (as Pu(II1) species are less likely to form under aerobic conditions), wth a concentration 
of ~ o - ~ M  
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Figure 5 Measured Plutonium solubility under anaerobic conditions 

In the leaching expenments descnbed earlier (Vejmelka et al, 199 l), plutoruum leachability was determined to 
be dependent on solubility limits at pH 12 -13, and the equlibnum concentration was determined to be 1 6 x 
1 0-9 M, in good agreement wth  the results descnbed above 

It has been discussed earlier that the unpact of carbonation is likely to be significant at WETS, and the effect 
on solubility needs to be assesszd IGm et al(1983) observed a large mcrease in plutoruum solubility above pH 
10, in solubons contamng more than lo4 M carbonate Ihm et al(1993) proposed that PuO, transforms into 
Pu(OH),CO, above pH 10, wth thrs phase exhibiting greater solubility The basis for thls assumption is the 
drop m aqueous carbonate concentrations, mdicatmg formation of a carbonate phase 

Yamaguchi et al(1994) also examined the effect of dissolved carbon on plutoruum concentration, and they 
also observed increased solubility wth increased carbonate levels (see Figures 6 - 7) However, Yamaguchi et 
al(1994) could find no evidence of carbonate uptake into a solid phase, instead they proposed that the increase 
in solubility is due to the formation of aqueous Pu hydroxycarbonate species The mechamsm is therefore in 
doubt, however the increased solubility is clear, and indicated that the leaching of plutonium from concrete 
surfaces will be enhanced in the presence of carbonate 

In conclusion, the solubility of PuO, is low, even under oxidizing conditions The experimental determinations 
range from 1 0-9 M to 1 O-’’ M It must also be borne in mind that the crystalliruty of the PuO, solid phase is a 
crucial factor in determirung the solubility of plutonium The experiments descnbed above used freshly 
precipitated or “amorphous” PuO, These will obviously be more soluble than crystallme PuO,, and so the 
solubility limits could be viewed as maximum values However, the effect of a - decay can disrupt the crystal 
structure, reducing the crystallinity of the solid 
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In the presence of carbonate, the solubility nses seemgly lmearly above bicarbonate concentrabons above 10' 
I- 
n ' M (at pH's below 1 O) and above carbonate concentrations of 1 0-3 M, above pH 12 
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Figure 7 Plutonium Solubility as afinction of carbonate concentration, at pH 12 and 13 I 
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73.2 Uranium 
The form of uran~um contammation at RFETS is not known, but may be particulate or part of the concrete 
aggregate, and so solubility data for uran~um both in terms of UO, and other minerals, has been consulted The 
amount of avsulable data is vast, and only a fiacbon is presented here, although it is hoped that the man 
features of uran~um solubility, m a RFETS context, is preserved 

The solubility of UO, under reducmg condibons has been measured by a number of workers, and the results 
from two studies (Fh et al, 1990, Yajima et al, 1995) are shown in Figure 8 Both sets of expenments were 
c m e d  out in inert electrolytes As can be seen, the solubility of UO, is defined by two distinct regions Below 
pH 4 - 5, uranium solubility increases vvlth increasing pH, whle from pH 5+, uranium solubility is fsurly 
constant at M (Yajima et al) and lo-* M (Fh et al) A slight m e  in solubility can be seen at pH's above 10 
Th~s could be due to formation of the U(0H); species or p m a l  oxidabon of U(IV) to U(V1) 
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Figure 8 Measured solubility of U02 under reducing conditions 

Similar measurements were c m e d  out by Ewart et al(1992), over a pH range of 5 to 13, w~th the solution 
composition approximated to a 9 1 Blast Furnace Slag / Ordinary Portland Cement leachate These results 
showed a similar constant solubility over this pH range, although the measured aqueous concentration are 
significantly hgher than the concentrations shown in Figure 8(3 - 2 x 
increasing solubility at pH lo+, in contrast to the results shown in Figure 8 

M) There was no evidence of 

The expenmental evidence, therefore, seems to point to low solubilities for uranium under reducing 
conditions, ranging from 2 x 10 to 10 M, and with no alteration of the UO, phases These experiments are 
usehl in that they indicate the expected uran~um solubility in well defined systems However, the RFETS 
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scenano calls for examnabon of uran~um behawor in the presence of groundwater ions, especially carbonate 
and under more oxldizlng condibons 

If the contarmnation of uramum at RFETS is in the form of partxulate UO,, the mechamsm of dissolubon 
under oxidmng condibons can be complex UO, dissolution has been used as an analogue for the behawor of 
spent fuel under repository conditions, and so its behawor over a range of conditions has been exarmned by a 
number of workers (e g Casas et al, 1994, Torrero et al, 1994, Finch and Ewng, 1992, Wronluewcz et al, 
1992) A general conclusion appears to be that at least two mechanisms account for the dissoluhon of UO, 
under oxidivng conditions Firstly, the surface of the UO, is oxidized, and dissolves, releasing U(V1) into 
solution The second, slower mechamsm involves the oxidahon of the bulk UO,, whch subsequently 
dissolves The exact mechamsm need not concern us here, but the implicabon is that it is the secondary 
mmerals that control the urat l lu~  solubility under oxlQvng conditions Similarly, if the source of 
contarmnation is not UO,, these secondary mmerals wll  be the solubility lmitmg phases 

The most apparently sunple of the uranyl (U(V1)) rmnerals are the uranyl hydroxides, such as schoepite, whch 
is vmously given the chemical formulae UO,(OH), or UO, 2H2O It was thls phase that was invoked by one of 
the leachmg studies descnbed earlier (Vejmelka et al, 1991) as the solubility limitmg phase Schoepite exhlbits 
the typical “U-shaped” solubility agarnst pH behavior, wlth a mirumum solubility around pH 7 - 8, where the 
aqueous concentration equals lo5 to 10“ M (Torrero et al, 1994) and lo4 to lo” 5M (Bruno and Sandino, 
1989) The presence of carbonate, m even moderately low concentrabons wl l  tend to increase th~s solubility, 
due to the formation of uranyl carbonate aqueous species (Allard and Torstenfelt, 1985) 

The presence of groundwater ions, such as carbonate, could result m the formation of other uranyl solid 
phases For example, Kat0 et al(1996b) found that the solubility limiting uranium phase under acidic 
condihons, wth a 80% - 100% CO, atmosphere, is rutherfordine (UO,CO,), whle UO, was the solubility 
lmiting phase at 0 99% CO, atmosphere The solubility of this phase, as a function of C0:- has recently been 
measured (Meinrath et al, 1996), and has been shown to be crucially dependent on the carbonate 
concentration, as would be expected 

Cement leachates contam elevated concentrations of calcium, sodium, potassium and silica, and all of these 
species are capable of formmg uramum solids Sandino and Grambow (1 994) have shown that becquerelite 
(CaU601, 1 1H,O) and compreignacite (K2U6019 1 1H20) are formed quckly in the presence of calcium and 
potassium Similarly, Brownsword et al(1990) measured uran~um solubilities in sodium and calcium 
hydroxide solutions, and found, above pH 7, a constant solubility of 3 x 10“ M The results did not fit the 
expected behavior for a schoepite type phase, and it was postulated that sodium and calcium uranates were 
being formed Recently, NaJJ,O, has been identified (Yamamura et al, 1997), as has the analogous CaU,O, 
solid phase (Heath et al, 1997) A leachmg expenment descnbed earlier (Serne et al, 1996) proposed that the 
observed concentrations of uranium were due to solubility limitations imposed by the CaUO, solid phase, 
giving aqueous concentrations of less than M It must be borne in mind that no solid phase analysis was 
c m e d  out, the conclusions were based solely on thermodynamic data and modelling and Berner (1 992) calls 
into question the stability of the CaUO, in alkaline solutions 
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U m u m  alterabon by silica is a possibility in cement porewaters Finch and Ewmg (1 992) note that schoepite 
is thennodynarmcally unstable in waters wth even low acbviaes of calcium and silica The mmeral phase, 
uranophane (Ca(H,0),[(U02)(Si0,)], 3H20) is one of the most common uranyl mmerals, whch may mdxate 
that uranyl silicates are nportant phases controlling urmum concentrabons m natural waters (Fmch and 
Ewmg, 1992) Other silicates, such as soddyite ((UO,),(SiO,) 2H20) may also be important The formahon of 
uranyl solid phases wthin a cement matnx have recently been exammed (Morom and Glasser, 1999, wth 
several solubility limtmg phases being idenbfied These mcluded becquenlite, uranophane and weeksite 
(K2(U02)(Si205)3 4H20) along wth  several utudentified phases Urmum solubiliaes are reported to be around 
1 O4 to 1 0-9 My although it should be noted that the temperature in th~s study was 85°C More recently, a study 
examinmg the effect of silica on schoepite transformation (Sowder et al, 1996) found no evidence of uranyl 
sihcates being formed, even at silica concentrations of lo-, M Instead, the presence of silica was seen to retard 
the transformation of schoepite to becquenlite in lo‘, M and lo-, M calcium systems 

Berner (1 992) modelled the solubility of urmum as a h c h o n  of redox con&iions, through considerahon of 
urmmte, CaUO,, uranophane and “x-phase” (basically a hydrated calcium uranate) He found that under 
extremely reducmg condibons, uramnite is the stable phase, resultmg m solubilities of lo4 to lo-’’ M Under 
mildly reducing conditions, the solubility limiting phase depends on pH, and modelled solubilities lie between 
10-7 to io-1o M 

The above discussion highlight;, the complexity of urmum in natural systems, and the uncerhmty in 
knowledge of the identity of solubility controllmg t.mmum solids under diffetrng condibons It does appear to 
be evident that the presence of cement leachates does lower the solubility from the value expected from 
schoepite equilibnum (-lo5 M), whether through formation of calcium andor silica phases The presence of 
carbonate, however, appears to have the opposite effect, mcreasing uramum solubility, either through the 
formation of uranyl carbonate aqueous species or uranyl carbonate phases, such as rutherfordine 

7.3.3 Amencium 
The solubility of amencium w11 be domnated by the formation of hydroxide, carbonate and 
hydroxycarbonate minerals Accordmg to Choppin et al(1995), AmOHCO, limts the solubility of amencium 
when [CO;-], > 
wth amencium solubility appear to be more limited than those for uranium, and a selecbon of these are 
presented below 

M (PH 6) and when [C0;-lt, > lo4 M (PH 8) The number of expements dealing 

Atkinson et al(1988) measured amencium solubility in cement equilibrated waters, between pH 8 and 13 The 
total carbonate concentration was 3 x 
pH’s below 10, falling gradually to lo-’’ M at pH 13 The explanation given was the transformation of 
amencium hydroxycarbonate into amencium hydroxide, resulting in an inflection in the solubility curve 
Similar results were observed by Ewart et al(1992) also in concrete equilibrated water 

M The results showed that the solubility was equal to -lo-* M at 

The solubility of amorphous Am(OH), in a carbonate free environment has been reported by Loida et al 
(1999, wth the amencium concentration equalling lo4 M at pH 7, dropprng to M at pH 11 The 
crystallimty of the &(OH), is important, and Nitsche (1 99 1) note that there is an order of magnitude 
difference between crystalline and amorphous Am(OH), (e g at pH 7, solubility is 10” M for the amorphous 
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Am(OH),, compared to lo4’ for the crystalline solid) The expenments descnbed earlier (Serne et al, 1996) 
showed that the leachmg behamor of neodymium (an analogue for amencium) was controlled by the solubility 
of Nd(OH),, wth  a solubility of 1 O-’ M at pH 7, and a solubility of below 1 O4 M above pH 9 Assurmng that 
the analogue between Nd and Am is a good one, h s  gives a good mdication of amencium leachmg behavior 
in a carbonate - free environment 

The effect of carbonation has been studied by a number of workers Meinrath and E m  (1 99 1) consider the 
formation of Am2(C0,), as the result of exposmg amencium to carbonated solutions The resultmg solubilities 
range from lo4 M @H 6, carbonate 10’7M) to loq7 M (at pH 8, carbonate lO-’M) In contrast, Nitsche (1992) 
found that, in trying to prepare &n2(co3)3, orthorhombic AmOHCO, formed in preference to h,(cO3),  In 
addtion, hexagonal AmOHCO, was found to form m Yucca Mountam groundwaters, at pH 5 9 (Nitsche, 
1991) (the orthorhombic solid formed at pH 7 and 8 4) The solubilities m these Yucca Mountain 
groundwaters was detemned to be -lo-* M, wth  solubility nsing slightly as pH is mcreased 

Other determinations of amencilan solubility mcludes Allard and Torstenfeldt (1 989, where the calculated 
aqueous concentration was determined to be 1 0-7 M in marl groundwater, and Vejmelka (1 991), where the 
leachable concentration of amencium was equal to the solubility l m t  at pH 12 - 13 (2 x lo-’’ M) 

In conclusion, amencium solubility is dependent on both pH and carbonate There is evidence of phase 
changes from amencium carbonates, or hydroxycarbonates below pH 9, to Am(OH), at lugher pH Solubilities 
appear to vary from around lo-’ M at neutral pH’s to 10 Io M at alkaline pH’s 

7.4 Sorption of actinides onto cements 
Sorpbon data is normally presented in terms of dzstrzbutzon ratios, or &’s (or k ’ s )  The dstnbution ratio can 
be easily extracted from batch sorption expenments, through use of the followng expression, 

Quanhty of radionuclide sorbed per w t  mass of solid 
Equilibnum concentration of radionuclide in solution 

R, = 

where C, = imtial aqueous concentration of radionuclide 
= final aqueous concentration of radionuclide 

volume of solution V - 
M = massofsolid phase 

- 
c2 

Cementitious matenals are likely to be good sorption substrates for elements whose dominant sorption 
mechanism is surface complexation The specific surface area of cement matenals are hgh, ranging from 55 to 
200 m2/g (Lea, 1980, Bradbury and Sarott, 1994), suggesting that sorption capacity is hgh As has been 
descnbed above, the actinide elements have a sigmficant tendency to hydrolyze, with hgh first hydrolysis 
constants (K,,), and high charge to bond length (dd) ratio (Baes and Mesmer, 1986) There is a strong 
correlation between distnbution ratios on cement, and K, , and d d  values (Bradbury and Sarott, 1994) It 
would therefore be expected that uranium, plutonium and amencium would exhibit hgh distnbution ratios 
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Plutomum 

The effect of cement composition needs to be addressed Several dudes (Allard et al, 1984, Allard, 1985, 
Atlunson et al, 1988) have suggested that the specific composibon of the cement has little or no effect on the 
sorpbon of readily hydrolyzed elements, such as actimdes There is evidence that the sorption of non- 
hydrolysed species such as Ra, Cs and I is crucially dependent on the cement composibon (Heath et al, 1996, 
Holland and Lee, 1992, Glasser et al, 1997) In particular, the sorption of Cs (whlch is poorly sorbed by CSH 
phases) is claimed to be extremcly sensitive to the composihon of the ballast (aggregate) (Allard, 1985) or 
alumimum substitution into the cement (Glasser et al, 1997) 

1 - 5  Recommended values for reducing conditions Bradbury and Sarott, 1994 
1 2 - 12 6 Sorption onto seven cement blends, oxidmng 

conditions 
Allard et al, 1984 

From the evidence, it appears that a good first approximation is that the specific cement composition has little 
impact on the sorption of acbmdes However, it must be borne in mmd that most, if not all, of the 
expenmental determinations of sorphon onto cements were camed out at pH 12 and above At h s  pH, and 
under the low carbonate levels considered, actimdes wll  be hydrolyzed and sorpbon is likely to be close to 
100% Under these conditions, vanabons in sorpbon due to the composibon of the cement could be masked If 
the porewater close to the surface of the concrete is influenced by the groundwater composibon, pH wl l  be 
lower than 12 and therefore, sorption may be lower and compositional vanation more mportant 

Americium 

Distnbution ratios gleaned from the literature do indeed show lugh distnbution ratios for actmdes on cement 
Below is listed a summary of some of the relevant & values for urmum, plutomum and amencium onto 
cements 

10 - 30 
6 6  PU(IV) Heath et al, 1996 
1 - 5  

2 5 - 25 1 

7- 60 
1 - 5  

Vanation due to vanation in solid-liqud ratio 

Recommended values for both oxidiwng and 
reducing conditions 
Sorption onto seven cement blends, oxidiwng 
conditions 
Vanation due to examination of pmcle  size 
Recommended values for both oxidizing and 
reducing conditions 

Atlunson et al, 1988 

Bradbury and Sarott, 1994 

Allard et al, 1984 

Atkinson et al, 1988 
Bradbury and Sarott, 1994 

2 

Uranium I 0 1 - 6 3 I Sorption onto seven cement blends, omdimg 1 Allard et al, 1984 I 

I l 6 2 ~ i v 1 )  sorptton value I Heath et al, 1996 I 
I 0 1 - 2 I Recommended values for o m h g  condibons I Bradbury and Sarott, 1994 I 
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Thus, the actmdes, parhcularly amencium, apparently exhlbit extremely strong sorphon on cemenhhous 
matenals There is no apparent effect of pH, although the expenments were all carrred out above pH values of 
-12 5 

In e x p l w g  the sorpbon behavior observed m these expenments, all of the authors have invoked surface 
complexabon onto CSH phases as the most likely sorption mechasm Thls is likely to be true for cements 
that have not been extensively leached or altered by interaction wth groundwaters Upon hydrabon, CSH 
forms on the outside of the cement powder parhcles, on the boundary between the interstitial water and the 
solid phases (Bradbury and Sarott, 1994) The CSH phase is almost amorphous and contam most of the 
microporosity of the cement Accordingly, “much of the sorption potential associated wth cement anses from 
the CSH micropore network and its concomitant hgh surface area” (Glasser, 1992) 

However, the situation is llkely to be different for a cement that has been leached, or more relevant to WETS, 
carbonated Carbonahon results m the formahon of calcium carbonate, whch tends to fill space (and block 
cracks), and form a relatively dense shn  of solids, effectively isolatmg the cement phases from the aqueous 
phase (Glasser et al, 1997) This means that calcium carbonate solids wl l  become the dormnant sorpbon 
substrate, wth a resultant drop in sorpbon For example, Stenhouse (1995) reports R,, values of 0 02 m3/kg, 0 4 
- 5 m3kg and 5 m3kg for urmum, plutomum and amencium sorpbon on calcite These distnbubon rahos are 
sipficantly lower than corresponding cement R,,’s, particularly for urafllum 

The precipitation of calcium carbonate mmerals at the cement surface may mduce the formation of co- 
precipitates wth the acbnide elements already present co-precipitation of trace elements wthm a calcium 
carbonate solid phase is a well inveshgated phenomenon (e g Comans and Middelburg, 1987), wth strontium 
predicted to be particularly effected (Plummer and Busenberg, 1987) An important consequence of co- 
precipitabon IS that, in contrast to surface sorption, the contaminant is held irreversibly, and so is maccessible 
to the aqueous phase ThIs obviously has important consequences for the leachmg of radionuclides from the 
surface of bmed concrete, and therefore needs to be assessed 

Carllsson and Aalto (1 996) have recently exarmned the co-precipitabon of urafllum wth calcium carbonate 
The results mdxated that, under the expenmental con&hons (pH 9 6 and 8 5, in both mtrogen and C02 
atmosphere) ufafllum did not co-precipitate wth calcium carbonate It was postulated that domnant species in 
solution, uranyl carbonates, were not of suitable size and charge to be incorporated into the calcite structure 
ThIs result confirmed earlier work by Carroll and Bruno (1 99 1) who showed that co-precipitation did not 
occur over the range of expenmental conditions 

In contrast to these expenmentd results, recent modelling work (Curti, 1998) predicts that the tnvalent and 
tetravalent actimdes wl l  be sipficantly affected by co-precipitation wth  secondary calcium carbonate 
minerals The implication to the behavior of Pu(1V) and Am at WETS is clear However, this work must be 
viewed with caution The results presented are purely the result of modelling, based on a simple distnbution 
law model Ths in itself is not reason to be cautious However, the important parameter, the partition 
coefficient, has been estimated from consideration of the solubility products of pure metal carbonates, R,, 
values and the ionic radii of the metals It is not clear at this point as to the validity of thls approach, and 
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expenmental confinnabon is requved The study does, however, emphasize the potenhal effect of calcite co- 
precipitation, and could be an mportant mechamsm in the determmahon of leachng behavior at WETS 

The conclusion from h s  survey of sorption processes is that actmdes are strongly sorbed onto cement phases, 
wth amencium parhcularly strongly sorbed It would therefore seem that if uramum, plutomum and 
amencium were sorbed onto the surface of concrete the concentration released into the aqueous phase wl l  be 
lmited However, the surface of a bmed concrete structure wl l  be extremely susceptible to groundwater 
mfluences, particularly carbonation Carbonahon produces precipitates of calcium carbonate, for whch the 
actimdes have a lower affimty, resulting in less retention Co-precipitation, whch would effectwely retard the 
release of contamination irreversibly, does not appear to be a viable mechamsm for m u m ,  and, although a 
theoretical study has demonstrated the possible consequences for plutomum and amencium, further 
expenmental work is needed before fum conclusions can be made 

8. Summary and Conclusions 
A literature search and review has been undertaken regarding the processes controlling the behavior of 
plutomum, uranium and amencium in contaminated concrete at WETS The review has concentrated on two 
aspects degradation of the concrete surface layer, where the bulk of the contarmnation exists, and a review of 
expenmental studies of leachng of plutomum, uranium and amencium from cement-based matenals It was 
quickly apparent that there was a significant lack of data on the latter Consequently literature on radionuclide 
solubility and sorption have been examined to provide a background understanding of the behavior of 
actinides in cementitious environments 

8.1 Concrete Degradation 
A review has been camed out on literature concemng the long-term degradabon of cement and concrete used 
in radioactive waste encapsulation, and in repository structural designs, together with more general literature 
on the surface-dominated degradation of concrete and cement The findmgs of this review have been 
considered together wth site specific geochemical data to understand the llkely behavior of the surface layers 
of contaminated concrete, where the majonty of the contamination exists 

The mam form of concrete degradation occurrrng in WETS concrete is likely to be carbonation of the surface 
Dmng h s  process carbon dioxide present in air, soil gas and dissolved in groundwater reacts wth  calcium 
phases (Ca(OH), and CSH) w h n  the cement matnx to produce calcium carbonate and silica Supporting 
ewdence for this process comes from expenmental studies, and examination of ancient analogues of modem 
OPC concrete From modelling studies and examination of long-term carbonation it is likely that carbonation 
of the concrete surface will extend to a depth of around lOcm in the 1,000 year penod considered and wl l  thus 
include the zone of contamination of plutonium, uranium and americium resulting from nitrate solution and 
particulates 

Since the background groundwater at WETS is dilute other forms of concrete degradation such as sulfate and 
chlonde attack are unlikely to be effective In the industrial area of the site sipficant sulfate concentrations 
are measured (1 000 mg/l) at which the etttrngite form of sulfate promoted attack might be expected if these 
sulfate concentrations were maintained in the vicinity of the disposed concrete 
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Other degradabon processes to consider are the corrosion and expansion of steel rebars, whxh w11 produce 
crachng of large blocks of concrete, corrosion wll  occur at maxunum rate smce corrosion protechon offered 
by the hgh  pH of unleached concrete wll not be effecbve in close contact with groundwater Microbial 
mduced degradation of concrete has been considered, particularly smce the contarmnahon is located at the 
concrete surface where mcrobial growth is most likely There is however no clear evidence that rmcrobial 
activity w11 be sigmficant, although substrates for microbial growth are present at RFETS (e g pynte, sulfate) 

Degradation by carbonation is unlikely to disrupt the mecharucal structure of the surface layers of concrete 
since the calcium carbonate formed is an effective cement whch has been shown to survive for 2,000 years in 
ancient structures Porosity is also reduced by carbonation that wl l  reduce the effect of purely physical 
degradabon processes such as freeze-thaw Freeze-thaw and mechamcal erosion of the concrete surface wlll be 
effecbve given the seasonal clunahc vanation and the topography at WETS, such factors wll also depend on 
the nature of disposal such as depth of bmal Gross breakdown of concrete blocks is most unllkely over a 
penod of 1000 years and thus access to m u m  contarrunahon in aggregate by groundwater will be restncted 
Growth of carbonate could conbeivably entrap particulate contammabon m the surfixe layer and restnct access 
by groundwater Degradation by sulfate attack or microbial action is more llkely to dissaggregate the surface 
layers of concrete and is likely to provide better access of groundwater to contaminabon Plutomum, m u m  
and amencium contamination could be mobilized from the surface of concrete by colloidal matenal generated 
from concrete degradation The most likely colloids formed from degradahon of RFETS concrete are silica 
colloids resulting from carbonation of CSH phases and iron hydroxlde colloids formed from steel corrosion 
Studies of colloid formation in cement leachate has been exammed in Carbonate free expenments, however 
these are not applicable to WETS as the CSH colloids produced are unlikely to be stable in the presence of 
carbon dioxide The ability of colloids to sigmficantly increase radionuclide mobility in cementitious system 
has been brought into question recently 

Chemical degradation of cement and concrete is cntical to the mobility of plutomum, wmum and amencium 
In addition to changes in cement mineralogy chemical degradation controls the compositron of the local fluid 
which influences actimde solubility and sorpbon pH redox potential (Eh) and carbonate content are all 
important factors controlling solubility and sorphon The most sigmficant effect of concrete degradatron is a 
reduction in pH from over 12 in fresh cement pore flwd contamng free alkalis to pH-1 0 5 buffered by CSH 
phases and finally to a pH -8 buffered by carbonate phases The aqueous carbonate content is controlled by 
COz partial pressure that is influenced by external controls such as plant and microbial respiration in the soil 
zone and exchange wlth the atmosphere Cement and concrete wll also regulate the CO, part~al pressure in a 
closed system Degradabon of the cement matnx is unlikely to influence Eh, however corrosion of steel rebars 
is likely to produce anaerobic conditions 

Overall, from information in the literature it is possible to qualitatively predict the degradabon behavior of 
concrete at WETS to provide background iformahon for evaluating the chemical controls on leaching, 
solubility and sorption of plutonium, uranium and amencium Some areas of uncertamty that have amen 
during this review are 

0 Consideration of the effect of sulfate contamination in groundwater in the industrial area, is it 
representative of long-term composition7 

Page A44 of 58 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

~ B N F L  Inc A Work Plan to Evaluate Buncd Concrete at RFETS 

0 The potential role of microbiological processes in influencing concrete degradabon and in controlling 
redox conditions 

0 The potential for generation of actimde sorbmg colloids dmng carbonation of concrete 

The lack of understanding of processes of redox control and colloid transport are uncertambes whch are not 
necessanly confined to th~s study but are sigmficant to radionuclide mobility in general at RFETS 

8.2 Leaching, solubility and sorption of plutonium, uranium and americium in cementitious 
systems 
Expenmental measurements of the leaclung of plutonium, uraruum and amencium from cement matrrces are 
very limted in extent The man reason appears to be the low mobility of actmdes in cementitious 
environments, wth a consequent need for long time scale expenments Literature on radionuclide solubility 
and sorpbon have been consulted, to provide an understandmg of the likely behavior of acbmdes in a 
cementitious environment From the results of h s  literature review, the followmg conclusions can be made 

Firstly, the penetration of uraruum, amencium and plutomum into intact concrete is very low, even when the 
radionuclides are in aqueous solution Th~s confirms the supposition that any concrete contamination at 
RFETS w11 be surficial In addition, the low diffisivity means that any uraruum present in the concrete 
aggregate should not leach into the groundwater, in sigmficant quantities, over a 1,000 year time scale 

The diffision coefficients presented by two sets of workers are reasonably consistent, especially so when the 
low mobility and thus difficulty in measurement is taken into account The diffusion coefficient for plutomum 
was determined to be 2 x 
amencium, the corresponding Da's are 0 3 - 1 8 x 
(Vejmelka et d, 1991) 

m2/s (Albinsson et al 1993) and 1 x m2/s (Vejmelka et al, 1991) For 
m2/s (Albinsson et al, 1993) and 2 x m2/s 

The mecharusms controlling radionuclide leaching from cement or concrete are sorption onto the cement 
matrrx and precipitation of solid phases The dominant mecharusm wl l  depend on the mtial concentration of 
the zzdonuclide In general, radionuclides below the solubility limit w11l exlubit a lmear mcrease in leached 
concentration, as sorption dominates (assuming linear sorption) Above a certan concentrabon, solubility 
limts w11l determine the leached concentrations, this value w11l correspond to &e maximum extent of 
leaching, and will be fixed, unless geochemical conditions change 

The immediate environment of the concrete w111 be charactenzed by lugh pH, w~th the leachate contaming 
elevated concentrations of calcium, silica and, initially at least, alkalis, such as Na and K In addition, 
carbonation is likely to occur, inducing calcite precipitation All of these factors, as well as the composition of 
the groundwater are likely to influence the leaclung behavior of the actinides 

The solubility of plutonium, uranium and amencium, over a range of conditions, have been examined In 
general, solubility is expected to be low at high pH's and low carbonate Plutonium, for example, is likely to 
have a solubility between 
exhibiting increased solubility when bicarbonate concentrations are above 1 O4 M Uranium and americium are 
likely to change phases as a result of carbonation The effect of calcium, silica and potassium on uranium 

M and lo-'' M The effect of carbonation is likely to be crucial, wth plutomum 
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solubility has been exammed, wth the conclusion that formahon of phases such as uranophane wl l  tend to 
reduce solubility The formabon of these phases under site specific circumstances, however, will have to 
demonstrated There is lack of data on similar phases of amencium and plutomum, should they exist 

Sorption of actimdes onto cements is llkely to be hgh, as would be expected by easily hydrolyzed elements, 
and & values are as hgh as 30 m3kg All of the measured & ‘s have, however, been measured at very hgh 
pH’s (12 - 13), whch is more alun to the environment of cement - encapsulated waste It is not clear whether 
these conditions wl l  apply to the immediate environment of surface contaminated actimdes In particular, 
carbonation wll  result m the precipitation of calcite, which wll  present a new sorption substrate to the 
radionuclides Sorption onto calcite appears to be less strong than sorphon onto cement phases The possibility 
of irreversible, co-precipitabon of the actimdes wth calcite has to be considered The expenmental data 
suggests that co-precipitation of urafllum (VI) wth  calcite does not occur, probably due to the size and charge 
of the uranyl carbonate aqueous species However, it has been shown, theoretically, that co-precipitahon could 
have a major unpact on radionuclide rmgrahon 

From h s  literature review, it is clear that there are a number of dominant factors that w11 dluence the 
leachng of radionuclide - contaminated concrete A preliminary list of these factors is listed below, 

I 

I1 

Nature of contamination - thls wll  determine the penetration of the radionuclide into the concrete (1 e 
aqueous contammation will penetrate more deeply), and the mtial solid phase present 
The amount of contamination - different mechmsms (sorphon or solubility) wl l  operate at different 
concentrations If the contamination is predominantly surficial, it is more difficult to define a g/g 
concentration 
Geochemical Conditions - the conditions in the immediate environment of the contamination is crucial 
in the determination of leach behavior e g 
A 
B 

C 
D 
E 

I11 

interaction of the groundwater wth the concrete and concrete porewaters 
pH and pe - the mobility of radionuclides in any environment is crucially dependent on these 
two parameters 
ligands - e g carbonate, calcium, alkalis, sulfate, and orgmcs 
alterahon of cement rmnerals - co-precipitahon 
nature of solubility limitmg phase, if any 

In summary, it is likely that the leachng behavior of urmum, plutomum and amencium, on purely chemical 
considerations, is controlled, ultimately, by the equilibnum wth a solubility controlling solid phase The exact 
nature of this solid phase, and the value for its solubility limit w11 be complex, and wl l  depend on all the 
factors mentioned above 
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PU(OH), 12 5 7 4 x lo-" 
puo2 (4 12 5 1 2 x lo-'* 
Am(W3 12 5 5 7 x 
CaU,O, 12 5 1 2 x  10" 
CaUO, 12 5 4 2 x 10-1, 
UO, 2H20 12 4 1 5  x 10" 

Appendix B: Calculation of Actinide Solubility Limits 

1. Introduction 
Thn section dewls the detemnabon of solubility limts for plutomum, uranium and amencium under 
cementihous environments Two scenanos are considered 

1 Solubility corresponding to fresh cement (Ca(OH),) 
2 Solubility corresponding to carbonated cement (calcite as man solid phase) 

The geochemical code PHREEQC (Parkhunt, 1995) was used, in conjunction wth thermodynamic data from 
the HATCHES version 9 database (HATCHES, 1996) 

2. Results 

2.1 Ca(OH), 

The solubility o f  the three radionuclides in equlibnum wth Ca(OH), are shown m Table 1 

To calculate an achvity from these concentrations, the followmg expression is used 

c x N , x A  
3 7 x  10" 

Activity(C1 / 1) = 

where 
c = concentration (moles / 1) 
N, = Avogadro' s number 

A = decay constant (s-') 

1Bq = 3 7 x loio 

wth the decay constants given by 
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Pu-239 

Pu-24 1 

U-235 

9 110 x 1043 s-1 

1 525 x 10-9 s-1 

3 121 x 10-1' s-i 

Pu-240 

Am-24 1 
U-234 

U-23 8 

3 347 x lo-', s-' 

5 074 x lo-'' s-' 
8 939 x lo-" s-' 

4 916 x lo"* s-' 

The isotopic composition was taken from t le  Rocky Flats Cleanup agreement (DOE, 996), and are shown in 
Table 2 The crucial influence of the solubility limiting solid can clearly be seen, when the calculated activities 
are compared wth the MCL's for plutomum and amencium in groundwater In fact, only the solubilities 
corresponding to PuO, and CaUO, appear to be below the appropnate levels 

Table 2 Cal 

CaUO, 4 dated activities at solubility limits 

93 8% Pu-239, 5 8% 

24 1 
93 8% Pu-239, 5 8% 

241 

Pu-240, 0 36% PU- 

Pu-240, 0 36% PU- 

100% Am-24 1 
100% U-23 8 
100% U-23 5 
100% U-234 
100% U-23 8 
100% U-23 5 
100% U-234 

7663 

0 07 

47080 
96 
610 
1746 149 
3 36 x 10" 

0 061 115 
2 13 x 10-5 

2.2 Calcite Environment 
PHREEQC calculations were undertaken to determine the solubility of uranium, plutomum and amencium 
under calcite equilibrated solutions This was done because the groundwaters at Rocky Flats appear to be in 
equilibnum wth calcite, and so the immediate environment on the surface of any buried concrete is likely to 
be characterized by precipitation of calcite The pH was vaned to account for uncertamties in the composition 
of the water in contact with the contaminated concrete 

Figure 1 shows the calculated solubility of plutonium, from pH 7 to pH 10, wth calcite equilibnum 
mmntained Figures 2 and 3 show the results of equivalent calculations for americium and uranium 
respectively The solubility of all three radionuclides drops dramatically as pH drops, and carbonate increases 
(the carbonate levels in equilibnum with calcite are of the order of mM concentrations) 
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3. Solubility limits with relation to Concrete contamination 
From Table 1 and Figures 1 - 3, it is possible to calculate the extent of contamination on the concrete surface 
that wl l  lead to a solubility-limited system Th~s type of calculabon w11 help to more efficiently design 
expenmental leachmg expenments For example, if an expenment is set up such that a 60mm diameter 
concrete disc contaminated with amencium is m contact wth  1 OOml of calcium carbonate saturated 
groundwater at pH 8, the contamination needed to be at the solubility limit can be calculated thus 

1 From Figure 2, the solubility of amencium is approximately 10" molesh -> 1 O4 moledl OOml, 
2 The surface area of the concrete disc = x8, 

3 Thus, to be above the solubility limit, amencium must be present at lo-* moles/O 003m2, 
= 2827 mm' (0 003 m'), 

= 3 3 x 10" moles/m', 
= 101 9 MBq/m2 or 101 9 Bq/mm2 
= O 002 Cdm' 

Thus, if the concentrabon of amencium is above 3 3 x 10" moles/m2, m th~s expenment, the leachmg behavior 
wll  be controlled by the solubility of the relevant solid phase, in th~s case Am2(C0,), 

4. Conclusions 
The calculations shown here show that the solubility limits for urmum, plutomum and amencium are above 
the tolerated activities for Rocky Flats The exception is if crystalline PuO, is the solubility controlling solid 
phase It is uncertain at this point whether the contamination on the surface of Rocky Flats concrete is in the 
form of highly crystalline plutomum dioxide, or whether a more amorphous form is prevalent 
The calculations indicate that, if the contamination is present at levels such that the distnbubon is solubility 
controlled, the resulting contamination leached to the groundwater wll be too hgh  to comply with Rocky 
Flats Action Levels 

Plutonium Solubility In ulcite 0quilibnt.d envlronm.nt 

1 WE43 

1 WE44 

1 WE45 

1 WE- ! (WE47 

1 WE48 

4 lWE-09 

3 1WE10 

E 
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11133p 

Amerklum Solublllty In caklte equlllbntod environment 
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Figure 2 Calculated americium solubility in a calcite equilibrated environment I 
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Uranium Solubility In calcite equilibrated environment 

7 7 5  8 8 5  9 9 5  10 

PH 

Figure 3 Calculated uranium solubility in a calcite equilibrated environment 
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I Table 3 Thermodynamic Data jor solidphases used in geochemical calculations 
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